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Abstract. 
Dicobalt hexacarbonyl alkyne complexes have been used in organic syntheses to 
generate complex organic molecules, with the aim of synthesizing phorbol and 
guanacastepene. 
In our approaches to both phorbol and guanacastepene we used combinations of 3 
properties of dicobalt hexacarbonyl complexes. The ability of the dicobalt hexacarbonyl 
complex to stabilise propargylic cations, known as Nicholas carbocations, and the ability 
of these cations to form carbon-carbon bonds, known as the Nicholas reaction. The formal 
[2+2+ I] cyclization that dicobalt hexacarbonyl complexes undergo when reacted with 
alkenes, to form cyciopentenones known as the Pauson-Khand reaction. The change in 
geometry of the alkyne that occurs when the alkyne forms a complex with dicobalt 
octacarbonyl, form linear to possessing carbon-carbon bond angles of 1400 allowing the 
formation of cycioheptyne dicobalt hexacarbonyl complexes. 
The attempts to synthesize phorbol resulted in the formation of Die1s-Alder and 
aldol cyciization precursors, both of these cyclizations failed. The approach to phorbol also 
resulted in in the formation of cyciopentenone products, and a range of enynes, enynoates 
and alkyne derivatives. 
Attempts to synthesize guanacastepene resulted in the formation of 
(2R*, 6R*, 15S', IIS*)-6-{[I, 1 ,1-tri(l-methylethyl)silyl]oxy}pentacycio 
[14.2.1.02•15.03 13.06.11]nonadeca-3(13),17-diene-4,14-di~l)..~! a guanacastepene derivative 
possessing the tricyciic structure of guanacastepene as part of the structure. 
Chapter I: Provides a survey of a selection of previous synthesis and synthetic attempts at 
generating both phorbol and guanacastepene 
Chapter 2: States the progress and the shortfalls encourltered in using the dicobalt 
hexacarbonyl alkyne complex methodology in the approaches to both phorbol 
and guanacastepene. 
Chapter 3: Provides experimental data for our studies. 
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1.0 Introduction. 
Phorbol (1),1 a tigliane, and guanacastepene (2),1 a guanacaste, are examples of 
diterpenes that possess a fused 5-7-6 ring system. Their biological activity, along with their 
challenging structures make them fascinating targets in natural product synthesis. The ring 
fusion types can be termed, "angular" and "linear" respectively, terms first coined by Pettit et 
al. in their paper describing the isolation of dilatriol.3 A number of other natural product 
groups exist that possess related 5-7-6 nng structures. 
OH 
Phorbol. Guanacastepene. 
(1) (2) 
These two compounds have been the focus of research for numerous groups since their 
isolation. The two diterpenes come from very different biological backgrounds. Phorbol is 
isolated from the seeds of Croton tlgirum and guanacastepene from the filamentous fungus eR 
115 from the Guanacaste nature reserve in Puerto Rico. 
1 
1.1.1 Biosynthesis of diterpenes. 
Diterpenes arise from the enzymatic cyclization of geranyl-geranyl diphosphate (3).4 
Geranyl-geranyl diphosphate is synthesized through the mevalonate (4) pathway, as proposed 
by Ruiicka;5 this involves the coupling of isopentenyl diphosphate (5) with dimethylallyl 
diphosphate (6), to form geranyl diphosphate (7). Two consecutive additions of isopentenyl 
diphosphate lead to the formation of geranyl-geranyl diphosphate, the precursor of all 
diterpenes that originate from the mevalonate pathway (Scheme 1). From this point, differing 
enzymatic cyclizations lead to all the variation in diterpene structure. 
mevalonate 5-phosphomevalonate 
ATP ADP ',OH 
\..) -'["COi ppif .......... "-" 
"" OH HO~COi 
(4) 
Isopentenyl dlmethylallyl 
diphosphate diphosphate 
PP~~ 
H 
(5) I (6) f- pp, 
ATP ADP 
\,) 
PPI 
5-dlphosphomevalonate 
'" COP\? PP~-
r ATP 
!'--ADP 
PP~~ I I 
H PP~ 
) I I I 
__ .L.. __ pp~
geranyl diphosphate 
(7) 
PP 
Scheme I. 
2 
farnesyl diphosphate 
Isopentenyl ~ 
diphosphate 
PP, 
.0 
geranylgeranyl 
diphosphate 
(3) 
Cyclization of geranyl-geranyl diphosphate as below (Scheme 2) can give rise to the 
casbene (8) and lathyrane (9) skeletons; these are thought to be the precursors to a number of 
natural products, including phorbol6,7 (1). 
geranyl-geranyl diphosphate (3) 
j 
/ 
casbene 1 (8) cembrene 
lathyrane (9) 
Scheme 2. 
The Adolf-Hecker postulate proposes transformations of the lathyrane (9) skeleton that can 
lead to a range of structures (Scheme 3). 
3 
I Lathyranre~ Tlghane ' ~ Ingenane 
Jatrophane A Jatrapholane Daphnane 
Scheme 3. 
The biosynthesis ofthe guanacaste (10) skeleton also has geranyl-geranyl-diphosphate 
as the starting point (Scheme 4). 
Geranyl-geranyl 
diphosphate 
(3) 
Dollabellane 
Scheme 4. 
Neodollabellane Guanacaste (\ 0) 
I 
Dolastane Tnchoaurantlane 
The possibility of a guanacaste skeleton existing as a biogenetic precursor of the fungal 
natural product trichoaurantiane obtained from Trlcholoma aurant/Um, was proposed by Vidari 
et al. 8 in 1995. In his publication the guanacaste skeleton was named as a neodolastane. The 
actual isolation of the hypothetical structure followed five years later. 
4 
1.1.2 Biomimetic syntheses of diterpenes. 
The biogenetic interrelationships of diterpenes means that bioimetic syntheses should 
be possible, although this has not been achieved in the cases of phorbol and guanacastepene, 
Yamamura has carried out biomimetic syntheses of the jatarophane9 and euphoreppinol1o 
skeletons. Both were synthesised from a lathyrane skeleton,7 as in scheme 2. The 
euphoreppinol natural products were isolated from Euphorblacae in the mid 1990s and as such 
are not part of the Adolf-Hecker scheme. The syntheses performed by Yamamura act as proofs 
of the validity of the postulate. 
The syntheses start from a model compound based on the lathyrane skeleton. The 
starting materials were methyl cyclopentanone-2-carboxylate (11) and (+)-3-carene (14). 
Methyl cyclopentanone-2-carboxylate was converted to the triflate, to this was added propyne 
under Sonogashira conditions and the product (12), was then converted to the dienyl stannane 
under Oehlschlager's conditions; through further derivitization this was converted to the iodo 
coupling precursor (13) (Scheme 5). 
a.b ~_..:.f __ 
(ll) (12) 
R=COOMe 
c. R=CH20H 
d. R=CHO 
e. R=acetal 
0-") ~ 
(13) R 
R=SnBu3 
g, R=I 
(a) Tf20, EI3N,CH2CI2, _78°C 05 h, 95%, (b) Pd(PPh3)4, Cui, MeCCH, 101, rt, 97%, (c) DIBAL-H, 101, _78°C, 
95% (d) Swem, 88%, (e) HOCH2CH20H, PPTS, PhH 82%, (I) nBu3Sn(nBu)CNL12THF ·78°C 78% 31, (g) 12 
EI20 0 °c quanl 
Scheme 5. 
(+)-3-carene (14) was cleaved by ozonolysis in methanol under acidic conditions to give the 
dimethyl acetal (15). This was followed by a further six transformations to give the aldehyde 
coupling precursor (16) (Scheme 6). 
5 
H ))?< 
H 
(14) 
e, f, 
a 
,H (MeOhHC~ 
~_-;"H 
o 
(15) 
Q. h, 
b,c,d, 
~/ ~ 
CHO 
(16) 
OHCfi<~H 
<-H 
Q 
(a) 0 3, MeOH, -78°C, Me2S, TsOH 81%, (b) TsNHNH2, PhH MeOH (1 I), rt, (c) n-Bull, Et20 OoC, (d) HCIO., 
THF-H20, rt, 53% 3 steps; (e) PCls, hexane OoC, (I) 0 3, MeOH, -78 DC, Me2S, TsOH, 40% 2 steps, (g) n-BuLI, 
THF Et20 (1 1) -78 DC - rt, Mel, 68%, (h) HCIO., THF-H20, rt, 70% 
Scheme 6, 
Compounds (12) and (16) were then coupled together using a Nozaki-Hiyama-Kishi 
Cr(II)-Ni(II) procedure, to give an allylic alcohol (17), This was followed by treatment with 
Schwartz's reagent followed by iodine to give, after acetal deprotection, vinyl iodide (18). This 
was followed by another Cr(II)-Ni(II) coupling to give the II membered ring diol (19), which 
was then oxidized with IBX in DMSO to give the lathyrane model compound (20) (Scheme 7), 
12 + 16 
d 
a 
HQ 
OH 
(17) 
ifr)y_e_ 
-~H' 
OH 
(19) 
o 
o 
(20) 
OH 
(18) 
(a) CrCI2 (4 eqUlv), NICI2 (5 mol%), DMF, rt, 48%, (b) LIEIsBH, CP2Zr(H)CI, 50°C, 12, 68%, (c) Et20 10% HCI aq, 
o °C, quant, (d) CrCI2 (10 eqUlvs), NICI2 (1 mol%), DMSO, rt, 43%, (e) IBX, DMSO, DCM, 82% 
Scheme 7, 
6 
.... --------------- - - --
Once the lathyrane skeleton was obtained their objective was to synthesize 
jatrapholone. 
OH OH 
11'" 
Jatrapholone A (21) Jatrapholone B 
The lathyrane (20) was subjected to Lewis acid catalysis to induce cationic cyclization, to form 
a jatrapholane (21) related molecule. This attempt failed with the model, instead it gave a 
rearranged aldehyde product (22), believed to be formed through a rearrangement of (23). 
However, when the lathyrane obtained from euphohelioscopin (24) was treated with a Lewis 
acid the cyclization worked giving a jatrapholane type compound. This was thought to be due 
to the ketone (25) acting as an intramolecular proton acceptor (26) (Scheme 8). 
o o 
Alel3 
Et20 
(20) (23) (22) 
-
OAlel3 0 
Alel3 11" 
1111 
11'" 
Et20 
OH HO 
(24) (25) (26) 
Scheme 8. 
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The model compound (20) was cyclized using a transannular radical cyclization. The alcohol 
was converted to a xanthate (27); treatment with tributyl tin hydride and AIBN then gave the 
tetracycle (28) (Scheme 9). 
OH 
(20) 
NaH 
cs. 
Mel 
THF 
oDe 
o 
OeSSMe 
(27) 
Scheme 9. 
BU3SnH 
AIBN 
Toluene 
reflux 
The group then turned their attention to euphorrepinol (29). 
(28) 
The skeleton was accessed using a double Michael transannular cyclization using as the 
reagent the lithium salt of allyl alcohol, or the potassium salt (scheme 10). 
(20) 
LIOAllyl 
AllylOH 
rt73% 
(30) 
Scheme 10. 
(20) 
K2C03 
AllylOH 
rt 33% 
(3\) 
The product of the cyclization was dependent on the base used in the cyclization, with (30) 
being the thermodynamic product. Although there are three Michael acceptor sites in the 
lathyrane (20), the least hindered site is attacked first (Scheme 11). The enolate that is 
8 
formed then attacks the u,j3-unsaturated ketone in a Michael fashion; the stereochemistry is 
fixed by the preferred conformation in the cyclopropane ring. 
,\\ 
.' .' 
,,\ 
AllylO 
I 
o (31) 
Scheme 11 
These syntheses support the Adolf-Hecker postulate but cannot prove it. More support for this 
biological pathway may be provided by the fact that in Euphorbiaceae species these skeletons 
tend to be found occurring together in the genus.!! 
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1.2.1 Phorbol: Structure and isolation. 
Phorbol (I) is a polyhydroxylated tigliane diterpene; it has a tetracyclic-
[1O.3.1 5".0.02,8]-pentadecane ring system. The A and B rings are a frans-fused 
hydroazulene, the C ring is a frans-fused cyc10hexane and the D ring is a eis-fused 
gem-dimethylcyclopropyI. It has an a,p-unsaturated ketone, an allylic alcohol, a frans-diol, 
and a tertiary acyloin as well as two tertiary aIcohols. It has eight contiguous chiral centres, 
six of which are located on the C ring. 
It is a compact and highly functionaIized molecule. It is unstable, being susceptible 
to both basic and acidic hydrolysis. 
16 
17 
20 
(I) (Ib) 
The numbering system shownI3 is the one in common usage, although it is non-
systematic. In nature phorbol exists as either a diester or a triester; the 12, 13, and 20 esters 
can be hydrolysed under mild conditions to give the parent compound. Phorbol was 
isolated from the seed oil of the shrub Croton tiglium from Southeast Asia, which had long 
been used in traditional herbal remedies. The oil from Croton tiglzum was hydrolysed by 
Bohm in 1934} The structure of phorbol was not confirmed until 1967 when Hecker 
derivatised the parent to neophorbol-13,20-diacetate-3-p-bromobenzoate, this was then 
subjected to X-ray analysis.12 
The correct structure ofphorbol was published in 1967, again by Hecker. I3 Croton 
tiglium oil is commercially available, and the phorbol esters that are used in biochemical 
experiments are obtained by extractionl4 and further derivatizationl5 rather than by 
chemical synthesis. 
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1.2.2 Biological activity. 
The phorbol esters have a multitude of biological activities, but the most well 
known is their ability to act as tumour promoters. Phorbol (1) when non-esterified, does 
not have the ability to induce tumours. Nishizuki l6 discovered in 1977 that phorbol esters 
bind to protein kinase C (PKC). It is the binding to PKC that gives phorbol its range of 
biological activities. 
1.2.2.1 Tumour promotion. 
The esters of phorbol act as tumour promoters, and are in themselves not 
carcinogenic. Tumour promoters act to cause tumours, but only after the cell or tissue has 
been exposed to a carcinogen. Other tumour promoters exist, but phorbol myristate acetate 
is the most potent known at the present time and has an activity at the nano-molar level. 
The experiments that were performed to elucidate the role of tumour promoters were 
performed by Berenblum.1 The experimental discoveries using tumour promoters led to a 
two-stage theory of carcinogenesis. Experimenters found that the application of a single 
small dose of carcinogen on the ear of a mouse without the application of a promoter led to 
no tumour formation and that if the application of the tumour promoter is interrupted, this 
can lead either to the absence of tumours or to a reduced number of tumours. The 
application of tumour promoters without the application of a carcinogen led to no tumours, 
but the application of many doses of tumour promoter after the application of a small dose 
of carcinogen led to tumours. The investigators found that if the order is reversed no 
tumours were formed. They also found that the initiation by a carcinogen is irreversible 
and that tumours can form up to one-year later if the skin is exposed to a tumour promoter. 
This is summarized in figure 1. It is this biological activity that has led to the interest in 
phorbol esters, and the subsequent structure-activity relationships studies have been the 
11 
driving force for much of the synthetic work. 
No tumours 
• 
zs:zs:zs:zs:zs:zs:zs:zs: 
No tumours 
Many tumours 
zs:zs:zs:zs:zs:zs:zs:zs: • 
No tumours 
• 116 6 6 6 6 6 6 6 Many tumours 
No tumours 
Time 
• Single Initiating dose of carcinogen 6 Dose of promoter 
Figure 1. 
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1.2.2.2 Pharmacophore. 
A number of studies into the structure-activity relationships of phorbol were 
utilised in the development of the pharmacophore model for phorbol. Nishizuka suggested 
an analogy between the C-12 and C-13 esters of phorbol and the esters of diacyl glycerol 
(DAG), the endogenous receptor for PKC.16 This was followed by Wender and Blumberg 
et al.17 in 1986 who compared phorbol esters with related PKC activators. These included 
ingenol (32) and teleocidin (33); computer modelling of these different compounds showed 
that the C-4, C-9 and C-20 hydroxyl groups of phorbol superpose on the heteroatoms of 
(32) and (33), forming a three point pharmacophore. These heteroatoms are marked with 
asterisks in the structures below. 
(32) (33) 
They then compared DAG with phorbol; computer modelling using MM2 
molecular modelling compared the C-9, C-12 and C-13 hydroxyl groups with DAG and 
also compared the C-4, C-9 and C-20 hydroxyl groups with DAG. They found that the 
superposition of DAG on the C-4, C-9 and C-20 hydroxyl groups gave a lower energy 
conformation, and also that (S)-DAG, the endogenous receptor, gave a better fit than the 
unnatural (R)-DAG; again the superposition was on the C-4, C-9 and C-20 hydroxyls. 
In analogy to this, Shibasaki et al. IS synthesized a number of phorbol analogues 
including (34) and (35). These were tested in a binding assay with tritiated phorbol 
dibutyrate ([H3]PDBu) (36). 
13 
(34) (36) 
They found that when compared to phorbol myristate acetate (lb), which gave a 
100% inhibition at a concentration of 1 IlM, the analogue (35) needed a concentration of 
10 IlM to give 70% inhibition, and the analogue (34) gave no inhibition at 10 IlM, 
suggesting that the removal of the C-20 hydroxyl disrupts the pharmacophore. This 
evidence suggests that the C-4, C-9, C-20 three point model is correct. Later studies by 
Blumberg et al.19 investigated the binding site in PKC-a for the phorbol esters; they 
discovered that by changing tryptophan 22 amino acid residue to glycine stops the binding 
of phospholipids to the phorbol esters. The group also made a computer model of the 
binding site in PKC, derived from the structure of the second cysteine rich domain in PKC 
suggested by solution NMR spectroscopy. This model suggests hydrogen bonding between 
the oxygen functionalities in the phorbol esters and the binding site. The authors noted that 
the model differed from the X-ray structure of phorbol- \3-acetate complexed to PKC-o, 
and that these differences gave a different pharmacophore model than the one obtained 
from the NMR derived model. They also noted that the X-ray structure was that of 
PKC/phorbol ester, complex without the presence of lipid, which is not the case in the 
natural system where studies have shown that phosphatidyl serine is a necessary co-
factor. 16,20 The conclusion was that from the X-ray structure, the C-3, C-4 and C-20 
hydroxyl groups were involved in binding, whIle from the molecular modelling the C-3, C-
\3 and C-20 oxygens are primary binding point atoms, that the C-9 oxygen is 
complementary and that the C-4 oxygen is of minimal significance. This study only 
correlates with the Wenders' study with respect to the C-20 hydroxyl group. The fact that 
the C- \3 oxygen plays a part in the binding correlates with the binding studies of 
Shibasaki, where (35) showed less affimty for PKC than phorbol myristate acetate (1 b) - as 
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mentioned above - and also that when C-20 is removed (34) there is no binding. This 
seems to suggest that either C-3, or C-4 is one point and that C-20 is another and that the 
third point is C-9 or C-13. 
1.2.2.3 Protein kinase C. 
PKC is an intracellular mediator, it is important for cell signalling; it 
phosphorylates enzymes in the cytosol thereby activating them. In the presence of the 
secondary messenger DAG, it translocates from the cytosol to the cell membrane; other co-
factors play a part in this process, Ca2+ and phosphatidyl serine16 are also needed. Once at 
the membrane it can phosphorylate protein leading to a range of biological functions.21 
Protein kinase C exists as 10 isozymes, these are grouped into three classes: 
conventional, novel and atypical. All the isozymes have a conserved catalytic region and a 
regulatory region, the variation in the regulatory domain gives the different isozymes. The 
regulatory domain has four main regions, the pseudosubstrate, CIa, Clb and C2. The C 
regions are the membrane-targeting modules in the protein. The relative structures of the 
three classes ofPKC are shown below (figure 2). 
conventIonal 
H2N-t HE:r::::I=H ••••••••• __ eOOH Novel 
H2N CI::JJ-........... - eOOH AtypIcal 
figure 2. 
The pseudosubstrate is a sequence of amino acids, nearly matching that of a 
substrate. This sequence sits in the enzyme's active site and keeps it allosterically locked in 
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the inactive confonnation. This suggests that when activated the pseudosubstrate is 
released from the kinase core. This change is due to the binding of cofactors to PKC.21 
.. The C domain is a cysteine rich region; the two fragments CIa and Clb are a 
tandem repeat of approximately 50 units. Atypical PKC contains only one of these and 
does not bind phorbol esters. Evidence that the CIa and Clb regions bind to phorbol esters 
has come from cloning experiments where the fragments were synthesized on a solid 
support and incubated with (eH] PDBu) (36).17 The eH]PDBu was found to bind to both 
of the fragments. This evidence coupled with the fact that atypical PKC does not bind 
phorbol esters, suggests that a more complex arrangement exists in the real system. 
Photoaffinity labelling experiments were also perfonned, these again showed binding of 
phorbol esters to the C domain. 
Elucidation of the Cl b domain in the presence and absence of phorbol esters 
showed that the binding does not alter the confonnation of PKC and that it merely presents 
a more hydrophobic surface. The binding pocket is hydrophilic and binds to DAG or 
phorbol, the Clb domain is also thought to be the site that binds to phosphatidyl serine.21 
The C2 domain was found to contain aspartic acid residues, which bind to Ca2+, a 
cofactor thought to increase the protein's affinity for ionic membranes. It also has been 
proposed that the ions may act as a bridge between the protein and the head group of a 
phospholipid by chelating between electron rich groupS.21 
1.2.2.4 Recruitment of PKC to the membrane. 
Once this knowledge had been obtained a model summarizing the events was 
proposed. After phosphorylation, PKC exists in the cytosol, the pseudosubstrate sits in the 
'. enzyme catalytic domain, and the enzyme is inactive. A signal arrives at the cell and an 
intracellular increase in Ca2+ occurs along with the release of DAG. The Ca2+ ions bind to 
the C2 region and DAG to the Cl region. This causes the PKC to translocate to the 
membrane where it interacts with phosphatidyl serine in the membrane. This causes the 
pseudosubstrate to be released and the enzyme becomes active (figure 3). 
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binding site binding site 
catalyst domain 
Figure 3. 
phosphalldylsenne 
" 
pseudosubstrate 
Recent structure-activity relationship studies by Shibasaki et al. IS show that when 
the ester at the 12 position is changed to a hydrophilic (le) from a lipophiIlic (lb) ester the 
binding with PKC-a remains high when compared to diacyl glycerol, but is two orders of 
magnitude lower than PMA (lb). The competitive binding assays used eHjPDBu (36) and 
the addition of competitor esters to displace the radiolabelled ester. In the presence of the 
hydrophilic ester (le), PKC showed virtually no biological activity. 
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- O(CH2hl0H 
(1 b) -(CH2)12CH3 
The experiments used radiolabelled phosphorus from ATP and the assay was based 
on the extent of phosphorylation of the protein EGF-R. The phofbol hydrophilic ester (le) 
binds to PKC, but as it gives a hydrophilic exterior to the PKC complex it cannot bind with 
the membrane and hence is inactive. This observation fits with the proposed model for 
PKC activation, and in essence has changed the phorbol ester from PKC agonist to PKC 
antagonist. 
The fact that a hydrophobic ester is needed at C-12 can explain why non-esterified 
phorbol (1) has no tumour-promoting ability. 
The main reason for the unusual activIty of phorbol is the fact that it binds to PKC 
three orders of magnitude more strongly than does the endogenous receptor diacyl glycerol 
and, as it is not part of the biochemistry of the cell, there is no easy way for the cell to 
remove it and for the cell to return to the normal resting state. The cell therefore cannot 
regulate its activites and abnormal events can occur; these can include tumour formation. 
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1.3 Synthetic Approaches to Phorbol. 
Phorbol (1) and related tiglianes have been the subject of research for over twenty 
years. Various strategies have arisen during this time, and the vast majority have been 
based around cycloadditions of various kinds. A key factor in driving previous studies has 
been the possibility of making intermediates that could be used to make compounds related 
to phorbol and to use them in binding studies. 
1.3.1 Wender: Intramolecular Diels-Alder and intramolecular 
oxidopyrilium approach. 
The Wender group published the first synthesis of the phorbol skeleton in 1987.22 
Their strategy was based around an intramolecular Diels-Alder reaction giving the B and C 
rings. The intramolecular Diels-Alder reaction forms a bridged oxygen structure; this rigid 
molecule forms a conformationally and facially biased fused ring system (37) that can be 
used for directing and controlling stereochemistry. The first step in this synthesis was a 
highly regioselective hetero Diels-Alder cyclization between 2-methoxybutadiene and 
ethyl glyoxylate (Scheme 12) to give (38). This was converted to the diene by treatment 
with LDA and I-bromo-2,4-pentadiene, followed by reduction of the ester to an alcohol 
and benzyl protection to give (39). Epoxide formation with m-CPBA in methanol gave an 
acetal alcohol, which was oxidized to a keto-ketal. The subsequent aldol reaction was 
followed by mesylation and elimination to give (40). The first key reaction in the synthesis, 
an intramolecular Diels-Alder reaction, then takes place and displays exo selectivity; this is 
thought to be due to the steric bulk of the ketal. The reaction gives the fused ring system 
(37) and creates three stereocentres with the C-9 oxygen in place. Compound (37) was 
converted to the enone (41) by a Wittig reaction. This was followed by acetal deprotection. 
The enone was used as the diene in a hetero Diels-Alder reaction, and the ortholactone was 
opened with HF to give (42). Seyferth's reagent was used to form the C ring and the ketone 
formed by the opening of the ortholactone was trapped with TMS cyanide to give (43). The 
stereochemistry that arises from these transformations is due to the oxygen bridge 
favouring one face in the Diels-Alder reaction, and the ortholactone opens to give the 
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stereochemistry that avoids steric congestion. The TMSCN likewise attacks from the least 
hindered face. 
Q<~ 
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Y = CH,CH=CHCH=CH 
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(a) 110°C, loluene, (b)(I) LDAlTHF, -78°C, CH,=CHCH=CHCH,Br, -78 - 0 °C, (11) LAH, THF, OoC (c) BnBr, 
(Bu).NI, NaH, THF, rt (d)(I) m-CPBA, MeOH, OoC, (11) Swern (e) LHMDS, LIBr, THF, _78°C, acelaldehyde, 
_78°C (1)(1) MsCl, EI,N, DCM, (11) DBU, THF (g) 145°C, xylene (h)(I)Ph,P=CH" loluene, 105°C, (11) (COOH)" 
SIO" DCM (1)(1) CH,=C(OTBDMS)OEI, Znl" DCM, (11) HF, DCM Ol PhHgCBr" benzene, 80°C (k) TMSCN, 
Znl" DCM (I) DIBAL, loluene -78°C - 0 °c (m) swern (n) Bn,NH,CF,CO" benzene (0) DIBAL, loluene, 
_78°C (p)Me,CuCNLI" ether, - 20°C, Mel (q)(I) o-NO,PhSeCN, Bu,P, pyndme, (11) H,O" THF (r)(l) Bz,O, 
DMAP, EI,N, DCM, (11) Znl" TMSCN (S)(I) Tf,O, pyndme, DCM, (11) Bu.NI, HMPA (I) t-BuLI, THF, _78°C (U)(I) 
TMS-Im, DCM, (11) SeO" (CH,),COOH, DCM OOC (v) SOCI" EI,O, OOC (w) KOAc, TMEDA, AgOAc, CH3CN 
(x) TBAF, THF 
Scheme 12, 
There then follows a double reduction and oxidation to give a dialdehyde, which 
undergoes an aldol condensation to give (44). To get to (45) selenium mediated allylic 
transposition takes place as well as benzyl deprotection using TMSCN and Znh, After 
activation as the triflate, the alcohol was converted to the iodide. The bridged compound 
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(45) was cleaved with t-BuLi, giving a tetracycle with an exocylic double bond, and again 
selenium chemistry was used to give an allylic alcohol (46). The final steps of the synthesis 
used thionyl chloride, to form a chlorosulfmate, and its subsequent elimination forming an 
allylic cation, which was captured by the chlorine of the chlorosulfite, to give an allylic 
chloride. The chloride was displaced by acetate using silver salts, and a final hydrolysis of 
all the protecting groups gave the phorboid (47). 
This was the first compound made by synthesis that had the tigliane skeleton and 
the correct stereochemistry; it possesses seven of the eight stereocentres and the C-3 C-4, 
C-9 and C-20 oxygen functionalities, although the C-3 has alcohol rather than ketone 
functionality. 
The Wender group then abandoned the intramolecular Diels-Alder approach and 
used an oxido-pyryilium cycloaddition as the key stereocontrol reaction. The new 
approach23 still kept the rigid oxygen bridged tricycle, to heIp direct subsequent 
stereocentre forming reactions and to protect the C-9 alcohol. Their target was to make a 
precursor (50) that could be used for the synthesis of phorbol (1) and the daphnane 
resiniferatoxin (48) as well as ingenol (32) (Scheme 13) 
(1) (48) (33) 
OAc OAc 
~ :- :::,... 'OTBDMS 
OAc 
OTBDMS 
(49) (50) (51) 
Scheme 13. 
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The oxido-pyryilium cycIoaddition24 is a cycIoaddition between a dipole that can 
form when an acetate group of a pyranone is lost and the ketone enolizes to form an 
aromatic intermediate. The zwitterionic resonance forms can then act as a 1,3- dipole to 
give the oxygen-bridged structure (Scheme 14). 
[ 
~o , 
+~o)- -
0-] 0 er CH2=CHCHO WCHO 
o ~o 
+ 
Scheme 14. 
The first target for the synthesis of (50) was the generation of the precursor (51); 
this was achieved in 52% yield in seven steps starting from furfuryl alcohol. This was 
protected as its TBDMS ether, and a ketone side chain was added to give (52). An aldol 
reaction was then performed using pent-4-enal and LHMDS giving a 2:1 diastereoisomeric 
ratio at the C-Il and the C-12 stereocentres (53). Reduction to the alcohol with NaB14 
followed by epoxidation with m-CPBA gives the pyranone through a ring opening-ring 
closing rearrangement; this is followed by a conversion of the alcohol to an acetate to give 
(54) (Scheme IS) 
~ ;;.- c,d ~o OTBDMS e-9 ~OA~2 o 0 '" I OTBDMS OAc '{ OH s,b 
(52) (53) (54) 
(a) TBDMSCI, DMF (b) n-BuL., C2H5COOL., THF (c) L.N(TMSl2, -78°C, 15 h, THF, 4-pentensl (d) AcCl, PY', 
DCM (e) NaBH., MeOH (I) m-CPBA, THF (9) Ac,O, DMAP, PY' 
Scheme IS. 
Once compound (54) was formed it was cyclized, initially performed thermally at 150°C 
in acetonitrile. They later found that treating with DBU in DCM at room temperature gave 
the same result in a much more convenient reaction. The reaction gave a 2: 1 mixture of 
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diastereoisomers at C-12, a reflection of the selectivity of the aldol condensation. The 
reaction gave complete stereoselectivlty at C-8, C-9 and C-ll. The transition state model 
(55) shows that the C 11 methyl is in an equatorial position on the tether, which adopts a 
chair conformation. This avoids pseudo 1,3- diaxial interactions with the oxygen at C-I0. 
Once formed compound (56) is hydrogenated, then methylenated using a Wittig reaction, 
allylic oxygenation followed by oxidation gives compound (57) (Scheme 16). 
- ~ AcO 0 2J ~ ~ h b 1-1 m d d H TBDMSO TBDMSO TBDMSO TBDMSO 
(55) (56) (57) (58) 
(h) DBU. DCM, rt (I) H2, Pd/C, EtOAc ~) Ph3PCH2 (k) Se02, t-BuOOH, DCM (I) Mn02, DCM (m) 
(CH2CH12CuCNLI2, THF 
Scheme 16. 
Compound (57) was converted to (58) by cuprate addition. The enolate intermediate of the 
conjugate addition is protonated to give the least hindered product; these transformations 
give a yield of 78% over five steps. Addition ofTMSCN gave (59a) and (59b), in a 15:1 
ratio with the predominant isomer deriving from kinetically controlled addition of cyanide 
to the least hindered face. The nitrile (59a) was reduced with DffiAL and converted to an 
oxime. Oxidation with bleach gave the nitrile oxide, which underwent an internal 1,3-
dipolar cycloaddition to give (60) in 46% yield over four steps. Hydrogenolysis of (60) 
gave a hydroxy ketone, and this was followed by base induced elimination to give the 
enone (61). This was then converted to the acetonide (49) by reduction and deprotection 
(Scheme 17). 
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~""" OAc ~"'" OH "'" ' = a-q - r-I R~" Q - 0 ~ 0 -, 'N' R' TMSO; OTBDMS OTBDMS 
(59) 
(59a) R' = CN, R = OTMS 
(59b) R' = OTMS, R = CN 
(60) 
!ifr: OBz ~ ~'; OBz 0; 0; TMSO - -..J--O -OTBDMS / OTBDMS 
(61) (49) 
(0) DIBAL, laluene (p) NH20H, pyr (q) NaOCI, THF (r) H2, Raney NI, acelone, H20 (41) (s) Bz20, DCM, DMAP, 
pyr (I) DBU, THF (u) NaBH., CeCI3, MeOH (v) TBAF, EI20 (w) 2-Melhaxypropene, PPTS, DCM 
Scheme 17, 
The precursor (49) was produced in 10% yield over 23 steps, in the first study of 
stereoinduction in a four-atom tether oxidopyrylium cycloaddition. 
Armed with the acetonide (49), the Wender group set out to complete phorbol (1).25 
Their first step was hydrogenation using Wilkinson's catalyst, which gave a stereoselective 
reduction in 92% yield. Reduction of the benzoate with DIBAL and oxidation with PCC 
gave the ketone (62), This was followed by kinetic deprotonation with LDA and trapping 
of the silyl enol ether, allowing the formation of the sulfide, in 77% over two steps, which 
was then oxidized with lead tetraacetate to give the acetate (63) in 78% yield. Further 
oxidation with m-CPBA followed by elimination gave the enone (64), which was reacted 
with the sulfur ylide to give the tigliane ketone (65) in 85% yield (Scheme 18). 
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(49) a-c 
-
(62) (63) 
J - q 
(66a) (65) 
(a) H,1 atm, RhCI(PPhh, CBH. (b) DIBAL, toluene, -78 QC (c) PCC, DCM (d) LDA, THF, TMSCI (e) PhSCI, 
DCM (I) Pb(OAc)., Benzene (g) m-CPBA. DCM (h) 60'C P(OEth, benzene (I) Ph,SC(CH3lz, -78 'c, THF, 
DCM W DlBAL, toluene (k) CO(lrnlz, DCM (I) TBAF, THF (rn) TI,O, Et3N, DCM, pyr (n) Bu.NI, HMPA, 55'C 
(0) I-BuLl, Et,O -78'C (p) PCC, DCM (q) NaBH(OAch, THF, 60'C 
Scheme 18. 
This was followed by ring opening; but before this could happen the ketone had to be 
reduced with DIBAL and protected as a carbonate to prevent epimerization at C-11. The 
oxygen bridge was opened as before;22 treatment with t-BuLi also gave selective 
deprotection at C-12. The ring-opened derivative was then oxidized with PCC, and a 
selective reduction followed using sodium triacetoxyborohydride, which used the tertiary 
alcohol at C-9 to direct the reduction to give the correct stereochemistry at C-12 (66a). At 
this stage the Wender group confirmed that (66) was in fact the compound expected by 
transforming phorbol-12,13-diacetate (Id) to (66b); the two analogues differ only in 
protecting groups at C-13. These transformations took eight steps from (Id); phorbol itself 
was obtained using the method of Herzig et al.26 from croton tiglium oil obtained from 
Sigma (Scheme 19). 
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a -c d,e 
(Id) (67) 
h,l 
(66b) 
(a) NaBH4' CeCI3, MeOH (b) (n-Bu)4NF, THF (c) CH3C(OMehCH3, PPTS, DCM (d) HCI04, MeOH (e) 
Mn02, DCM (I) H2 1 aIm, Pt/C, EIOAc (9) ArSeCN, (n-BuhP, THF, RT, m-CPBA, DCM, -78 QC (h) KCN, 
MeOH (I) Me3CCOCI, DMAP, DCM 
Scheme 19 
Once they had obtained and proven to their satisfaction that they had made (66), the 
group used the acetonide (66b) derived from phorbol, as it is more easily obtained than the 
acetonide (66a) synthesized from the advanced intermediate (49), which in itself takes 23 
steps to make, The rest of the synthesis utilises this, proving that (66) can be transformed 
into phorbol; it allows the final elaboration of (66) to phorbol to be performed with easily 
accessible starting materials, 
From compound (66) the acetate or pivaloyl group is removed reductively and the 
alcohols protected with benzoate groups, allylic oxidation occurs as previously giving (70) 
exclusively as the desired regioisomer in 50% yield, not through selectivity in the reaction, 
but because the C-5 isomer was destroyed in the reaction mixture, for which the authors 
offer no explaination.25 Allylic transposition to give the allyl chloride followed by 
displacement with silver benzoate occurred in two steps with yields of 80% and 73% 
respectively, giving (71). The remaining steps were hydrolysis of the acetonide, followed 
by oxidation in 80% yield. The alcohol at C-4 was then protected as its TMS ether, 
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subsequent bromination and elimination gave (72). The final steps were the removal of the 
protecting groups by hydrolysis giving phorbol (1) in a total of 10 steps and in a yield of 
8% from (66) (Scheme 20). 
r-I u.v 
(66) (70) (71) w-aa 
R =Acor P,V 
bb.cc 
(1) (72) 
(r) DIBAL. loluene. (5) Bz20. DMAP. pyr. DCM (I) Se02. t-BuOOH. DCM. OoC (u) SOCI2• propylene oXide. 
EI20 (v) AgOBz. KOBz. TMEDA. CH3CN (w) HCIO •• MeOH. montmonllonlte clay (K10). (CH20H), (x) 
S03 pyr Et3N. DMSO (y) CF3CON(CH3)TMS. DMAP. CH3CN (z) KN(TMS),. _78°C. TMSCI _78°C 10 rt. NBS. 
THF (aa) LIBr. L12C03. DMF. 130°C. 3 h (bb) TsOH. MeOH (cc) KCN. MeOH 
Scheme 20. 
The Wender group further modified their approach in 199027 in two main areas. 
First they used a different oxidopyrylium cyc1ization precursor, based on kojic acid, and 
secondly they used a different A-ring annelation reaction.28 The first step was to synthesize 
the side chain (73); this was then attached to kojic acid giving (74). A Claisen 
rearrangement followed by silyl protection of both alcohols then gave the cyclization 
precursor (75). This was then placed in a base washed sealed tube and heated at 200°C for 
2 days, to give (77). The transition state model for the cyc1oaddition shows the TBDMS 
group migrating from the alcohol on C-IO to the oxygen on C-4 (phorbol numbering). As 
before, a chair-like transition state is assumed and the stereochemistry is governed by the 
methyl group adopting an equatorial position, thereby minimizing the 1,3-interactions with 
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the oxygen functionality at C-IO, giving the observed stereochemistry. Compound (77) 
was converted to (7S) by the addition of allyl Grignard to the convex face of the molecule 
(Scheme 21). 
A related method for the generation of oxidopyryIium rather than using the sealed 
tube method was developed. This method29 turns the ketone into an enol ether using 
methyl trifluoromethanesulfonate. When this is treated with base at room temperature 
cyclization occurs. 
o 0 
EtO~ a-c 
(78) 
Br~_d __ ~-:~ ~OH OTBDMS 
(73) (74) (75) 
9 
TBDMSO 
OTBDMS 
(77) (76) 
(a) NaOEt, EtOH. Reflux, 4·bromo·1·butene, reflux (b) NaH, THF, LIAIH4, THF. reflux (c) PBr3, ether, HBr 
(aq), OoC (d) KOJIc aCid ceslum salt. MeOH (e) EtOH, 78°C, 4 h (I) TBDMSCI, Imidazole, DMF (g) 200°C, 
toluene. sealed tube, 48 h (h) AllylMgBr, THF 
Scheme 21. 
Compound (7S) was then treated with thionyl chloride to give the allylic chloride, 
this forms through an allylic cation intermediate (7Sa), removing the stereocentre and the 
alcohol. The siIyl enol ether so formed was treated with TBAF in THF and the 
stereoelectronically governed protonation gave the required inversion; tin hydride 
reduction of the chloride gave (79). To this was added lithiated propyne in the presence of 
lithium bromide, which added propyne to the convex face. The axial alcohol that was 
formed was trapped with TBDMSCl giving (SO). The A ring was formed by cyclization 
with either palladium or zirconium, through an enyne cyclization (SI). Ozonlysis, 
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reduction, acetonide formation and oxidation finally gave (82) in 16 steps rather than the 
23 required previously,22 to obtain an advanced intermediate (Scheme 22) . 
(78) • - k m 
OTBDMS 
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(.) SOCI2. pyr, Et20, OOC Ol TBAF, THF, OOC (k) BU3SnH, AIBN, toluene 80°C (1)(.) l. propyne,lIBr, THF, 
_78°C - 20°C (11) TMSCI (m) CP2ZrBU2. THF, _78°C - 20°C, HOAc quench (n) 0 3, DCM, MeOH, _78°C, 
NaBH., - 78°C to 20 °c (0) 2-methoxy propene, PPTS, DCM (p) PCC, NaOAc, DCM 
Scheme 22. 
In 1997 Wender published the first formal asymmetric synthesis of phorbol. 30 This 
method used the oxidopyrylium cyc1oaddition starting from a furan starting material.25 The 
observation was made that in the transition state model for the cyc1oaddition (55) the 
methyl group assumes an equatorial position, and if this centre could be generated 
enantioselectively it would set up the other centres in an asymmetric fashion. This would 
eventually lead to the advanced intermediate (82) being made asymmetrically, The 
synthesis bears many similarities to the earlier ones, and is mainly a mixture of the 
precursor for the first synthesis23 and the A ring generation reported in another paper.27 
The asymmetric advanced intermediate is a non-racemic version of (82). Their first and 
most important goal was to generate the chiral centre at C-ll. Starting from furfuryl 
alcohol (83), protection and formylation gave (84), which was then reacted with the N-
propionyl oxazolidinone, to give (85) in 98% de, and column chromatography afforded 
only one diastereoisomer. This was transaminated, forming the Weinreb amide; the amide 
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was reacted with 3-butenylmagnesium bromide to give the hydroxyketone (86) (Scheme 
23). 
o <h <h ~N HN 
r O r O 0 Ph ~ ? a,b t'CHO OH 0 ;:; OH 0 c f0\ -it-. - ~N O:BDMS it-. 0 ;-0 d.e OH 
OTBDMS OTBDMS 
(83) (84) (85) (86) 
(a) TBDMSCI, Imidazole, DMF (b) n-BuLI, THF, DMF, HaO· (c) Bu,BOTf, ElaN, DCM, ·78·C 10 O·C (d) 
Me,Al, Me(MeO)NH·HCI, DCM (e) 3·bulenyIMgBr, THF, 60·C 
Scheme 23. 
The next step was the reduction of the ketone with DIBAL and the protection of the 
alcohol as an acetate. This proved necessary as this alcohol complicated epoxidation of the 
furan. Epoxidation gave the pyranone and treatment with DBU gave the bridged 
cyc10adduct as was expected based on previous work.23 The cyclization forming (89) was 
identical to that in scheme 16 except for this being the homochiral variant (Scheme 24). 
a,b 
(86) 
OTBDMS (87) 
(a) DIBAL, THF, -78 DC 
(b) VO(acac)2, t-BuOOH, DCM, AC20, pyr, DMAP 
(d) DBU, CH3CN 
c 
Scheme 24. 
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TBDMSO 
(88) 
Once compound (89) had been fonned it was transfonned in exactly the same way as (56) 
was to (57) and (58), in scheme 17, the reagents and transfonnations were identical and 
gave compound (90), which is similar to (79) (Scheme 25). 
(89) steps 
(90) 
(a) PhCCLI, LIBr, THF, HMPA, TMSCI 
(b) Cp~rCI2' n·BuLI, THF, HOAc 
(c) PCC, NaOAc, DCM 
Scheme 25. 
OAc 
(91) (92) 
c 
o 
(93) 
The transfonnations to compound (93) were: lithium phenyl acetylide addition, 
zirconocene cyclization and oxidation to give the intennediate in 16 steps and an overall 
yield of8%. 
The second part of the publication30 deals with the transfonnation of racemic (93) 
to phorbol. D ring fonnation again involved sulfenylation of the kinetically controlled silyl 
enol ether, oxidation to fonn the acetate, followed by elimination and cycIopropanation 
with an ylide, with reagents as described previously to give (94).25 A difference with this 
sequence comes with the ozonolysis of the benzylidene at this step, liberating the ketone 
(95). The ring opening is slightly different in that it uses activated zinc instead of I-BuLi to 
give (96). Fonnation of the allylic alcohol again went through an allylic rearrangement to 
fonn the allylic chloride, displacement this time used silver acetate instead of benzoate to 
give (97). Again reduction of the ketone at C-12 to the alcohol used a directed reduction 
with sodium triacetoxyborohydride, and the 2° alcohol was then acetylated to give (98). 
The double bond in the A ring, as before, was fonned by bromination followed by 
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elimination. The deprotection steps use TBAF to remove the silicon groups and Ba(OH)2 
in methanol to hydrolyse the acetates. These steps from (93) were performed on racemic 
material and gave racemic phorbol (1) in 17 steps with an overall yield of 1.2% (Scheme 
26), giving a formal asymmetric synthesis of phorbol. 
0 
0 
(93) a-e f. 9 h· J 
-
Ph 
OTMS 
(94) (95) (96) j k-m 
0 
p-s n·o 
OH 
(I) (98) (97) 
(a) LDA. THF, ·78 DC, TMSCI, PhSCl, DCM, -78 DC (b) Pb(OAc)" benzene (c) m-CPBA, DCM, -20 DC (d) 
P(OEt)" benzene (e) Ph2SC(CH3)2, DCM, THF, ·78°C (I) 49% HF, CH3CN OoC (9) 0 3, DCM, MeOH, ·78°C, 
(NH2hCS (h) Tf20, pyr , DCM, OoC (I) n·Bu,NI, CH3CN 0) Zn, EtOH, 80°C (k) Se02 t-BuOOH, DCM (I) 
SOCI2 pyr, Et20, OoC (m) KOAc, 18-Crown-5, AgOAc, CH3CN (n) NaBH(OAch, THF (0) Ac,O, DMAP, pyr, 
DCM (p) MSTFA, DMAP, DABCO, CH3CN, 100°C, NBS, THF (q) LI2C03, LIBr, DMF, 130°C (r) TBAF, THF, 
-20°C (s) Ba(OH)2, MeOH 
Scheme 26. 
The methods used provide a more concise method for the elaboration of the 
advanced intermediate to the final product. 
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1.3.2 Dauben and McMiIIs: carbonyl ylide approach. 
Dauben and McMills both used a carbonyl ylide approach to phorbol. This 
approach allows the formation of a conformationally locked, bridged oxygen tricycle 
system similar to that used by the Wender group. This is due to the similarity of the oxido-
pyryilium and the carbonyl ylide, as both are 1,3-dipolar cycloadditions where the middle 
atom in the dipole is an oxygen. The intramolecular addition of a carbene to a carbonyl to 
form a carbonyl ylide was developed by Ibata.31 Padwa developed the further this idea to 
tandem cyclization-cycloaddition reactions.32 The reaction involves the formation of a 
metal carbenoid, usually a rhodium carbenoid, from an azide precursor; a lone pair on the 
carbonyl oxygen atom attacks the carbene forming the carbonyl ylide (Scheme 27). 
Scheme 27. 
Using this methodology Dauben broke phorbol down into three segments and as 
such his approach is one of the most convergent.33 (Scheme 28). 
N2 lC + 
C02E! 
(99) (100) (101) (102) (103) 
Scheme 28. 
Fragment (102) was made in two steps from ethyl chrysanthemate; a reduction of the ester 
and an oxidation to the aldehyde proceeded in 85% yield. Fragment (101) was made in 
three steps from 1-( ethylsulfinyl)-I-( ethylthio )ethane and I-carbethoxycyclopentene, 
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giving the cyclopentanone (101) in 37% over three steps as a racemate. The next step was 
an aldol reaction between racemic (101) and racemic (103). this gave the unnatural isomer 
(104), as predicted by the Felkin-Ahn model in a 2.2: 1 ratio in 81 % yield. The 2.2: I ratio is 
the ratio of 12-(S) to 12-(R) isomers, which are formed as an inseparable mixture (104). 
The diastereoisomeric mixture also contained the (4-S, 1O-S) and (4-R, 10-R) stereoisomers 
of the 12-(S) and 12-(R) stereoisomers, making a total of four diastereoisomers in an 
inseparable mixture. Compound (104) was further transformed by acetylation of the 
oxygen, deprotection of the primary alcohol with HF in acetonitrile and a Swem oxidation, 
to give (105). To compound (105) was added compound (102) along with tin(I1)chloride, 
and this was followed by a diazo transfer reaction to give (106) in 61% yield, as a 2.2:1 
ratio; the products were separable by chromatography. This gave two pairs of 
diastereoisomers, the CI2-(S) and the CI2-(R). The separated diastereoisomers were 
heated to 100°C in toluene with dirhodium tetraacetate for 1 hour, with the l2-(S) 
diastereoisomer of (106) giving (99) and (107) in 86% yield. The products were separated 
by chromatography and analysed by single crystal X-ray analysis. The two isomers were 
obtained in equal amounts (in Scheme 29 only the major diastereoisomer at C12 is shown). 
a 
OTBDMS 
(101) (+/.) (103) (+/-) (104) (+/.) (Irans) 
(107) 
b-d 
9 
\ 
o 
(105) (+/-) I e, f 
(Iransl 
o OEI 
(+/.) (106) 0 
(Irans) 
(a) LOA, THF, _78°C (b) Ac,O, DMAP, pyr, rt (c) 48% HF, CH3CN, ooc, (d) swem (e) (102), SnCI2, DCM, 3 h (I) 
MsN3, CH3CN, EI3N, rt (9) Rh2(OAc)4, PhCH3, 100°C, 3 h 
Scheme 29. 
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The method gave a structure (99) that contains six of the chiral centres required for 
phorbol, although the C-12 alcohol has the wrong stereochemistry. This can however be 
inverted, as was achieved by the Wender group.25 
McMills envisaged a similar approach involving a carbonyl ylide.34 The McMills 
group started from cyclopentene-l-carboxaldehyde (108) and added the Grignard derived 
from 6-bromo-l-hexene; the alcohol thus formed was oxidized under Swem conditions to 
give compound (109). Conjugate addition of cyanide to the enone was carried out by the 
action of diethylaluminium cyanide, to give the nitrile as eis-trans isomers in a 6: 1 ratio, 
separated by flash chromatography. The eis isomer (110) was hydrolysed under basic 
conditions to give the acid (111), which was then converted to the acid chloride with oxalyl 
chloride and then treated with diazomethane to give the diazo ketone (112), in five steps 
with an overall yield of 41 % (Scheme 30). 
0 crH a,b 0-\) c ~ d o2u 
(108) (109) (llO) (1II) 
qB 
/e 
f Q;3 ~ /, 
0 o N2 
(ll3) (ll2) 
(a) CH2=CH(CH2bCH2MgBr, THF (b) DMSO, (COCI)" Et3N (c) Et,AICN, benzene (d) 20% NaOH, CH30H, H20 (e) (COCI)2, Et3N, CH2N2 (I) Rh2(OAc)4, DCM, rt 
Scheme 30. 
Treatment of (112) with 2 mol% of dirhodium tetraacetate gave the deoxygenated phorbol-
like tricycle (113) as one isomer in 55% yield, but with eis-geometry across the A-8 ring 
junction and trans-geometry across the 8-C ring junction. 
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1.3.3 Shibasaki: 1,3-dipolar cycloaddition approach. 
Shibasaki's approach3s to phorbol differs from those described above, in that he 
starts from chiral pool material; all the other approaches use racemic or achiral starting 
materials. The chiral pool reagent used was (+)-3-carene (114), so that the synthesis starts 
with the D ring already formed. As WIth the other syntheses, the use of cycIoaddition 
reactions is important in forming the stereo genic centres. With Shibasaki' s group, in their 
various versions of the synthesis, nitrile oxide cycIoadditions are used in forming the C and 
Brings. 
In their first attempt to synthesize phorbol, (+)-3-carene (114) was subjected to 
ozonolysis in methanol and then underwent a Baeyer-ViIIiger rearrangement to give (115). 
Basic hydrolysis of the acetate, followed by Swern oxidation and a Wittig reaction gave 
the terminal alkene (116). Cleavage of the acetal, followed by a nitro aldol reaction with 
KF, then acetylation of the alcohol, followed by its removal with sodium borohydride gave 
(117), the cycIization precursor. The precursor (117) was then oxidized to a nitrile oxide by 
treatment with methyl isocyanate and triethylamine, this then cycIized at room temperature 
to give the isoxazoIine (118) in high stereoselectivity. This was treated with aqueous Tiel) 
to open the isoxazoIine and give a hydroxy ketone, which was protected with pivaloyl 
chloride to give (119) (Scheme 3 I). 
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H H M~* H j)< Meo~ 
02Nf(:< a,b c, d, e I-I ~ OM. ~ OMe --:. H H I H OAc 
(114) (liS) (116) (117) j J 
H 
O~ k, I ~ N:r -0;. , H OP,V 0 
(119) (liS) 
(a) 0 3, MeOH, _78°C, Me2S (b) m-CPBA, CHCI3, rt (c) 10% NaOH, MeOH OoC (d) Swern (e) Ph3PCH3 + Br", 
BuLl, THF, -78°C to rt (I) 30% HC104, THF, OoC (9) MeN02, KF, BU4NCI, toluene, rt (h) AC20, pyr, DMAP, 
DCM, rt (I) NaBH4, EtOH, OoC 0) MeNCO, Et3N, benzene, rt (k) TICI3 aq, MeOH, rt (I) PlvCI, DCM, rt 
Scheme 31. 
Compound (119) was formed in twelve steps in 29% yield starting from (+)-3-carene 
(114), The next step was addition of the dipolarophile for the next cyc1oaddition, which 
this was achieved using vinylmagnesium bromide, The pivaloyl group was removed using 
lithium aluminium hydride to give (120) as the sole product. The alcohol group was then 
functionalized by oxidation with the pyridine-sulfur trioxide complex, forming an 
aldehyde, which was treated with an unstabilized ylide to give a Z double bond and an 
acetal. The acetal was hydrolysed with acetic acid in THF to give the alcohol (121), The 
alcohol was then converted to the nitro compound (122) in the following sequence: first the 
alcohol was activated as the tosylate, which was then displaced with iodide, and the iodide 
was treated with silver nitrate, giving (122). The isoxazoline (123) was formed by treating 
(122) with p-chlorophenyl isocyanate; the cyclization was again highly stereose1ective, 
The isoxazoline cleaved, now with Raney nickel, and boric acid giving (124), Subsequent 
hydrogenation gave (125) in a yield of 33% from (119) (Scheme 32), 
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""""------------- -- ---- - -
H H H 
~ ~ 02N~ a,b H c-e H f- h (119) "'" ~ p :::::::... - -:. OH H . H OH HO ~ 
(120) (121) (122) 
HO~-_ H :H k HOI'-"~~""" 
HO H o 
(125) (124) (123) 
(a) CH2=CHMgBr, THF, -78·C 10 -55·C (b) LIAlH., EI20, O·C (c) 503 pyr, EI3N, DMSO, rt (d) 
Ph3P(CH2hOC(OMe)Me2Br, KN(TMS)" THF, HMPA, -78·C 10 rt (e) 50% AcOH, THF, rt (I) p-TsCI, pyr, 
DMAP, DeM, rt (9) Nal, 2-bulanone, rt (h) AgN02, EI20, rt (I) p-CIC,H.NCO, Et,N, benzene, 55·C W H2, 
Raney NI (W-2), B(OHh, MeOH, H20, rt (k) H2, 10% Pd/C, AcOEI, rt 
Scheme 32, 
The next part of the synthesis was to prepare the A ring precursors. The A ring was formed 
by intramolecular McMurry coupling, The first step was to protect the ketone on the Bring 
selectively to prevent it from reacting with the ylide that is involved in forming the carbon 
skeleton of the A ring, This was done by first silylating the alcohols in (125) as their TMS 
ethers. The ketone was then converted to a silyl enol ether by treatment with TBDMSOTf 
and triethylamine. The primary silicon group was selectively removed by potassium 
carbonate in methanol giving (126). Oxidation with the sulfur trioxide pyridine complex 
gave an aldehyde, which was then reacted with a phosphonate, to give (127) 
stereoselectively but in 50% yield from (126). This was then transformed to (128), the 
coupling precursor, by reducing the ester with DmAL to the allylic alcohol, which was 
oxidized with manganese dioxide to the aldehyde. The silyl enol ether was converted back 
to a ketone with TBAF, thus setting up the McMurry coupling reaction. Treatment of 
(128) with low valent titanium obtained by reacting CpTiCh with lithium aluminium 
hydride gave a yield of only 34% as the undesired eis-5-7 fused ring isomer (129), The 
final conversion to generate the A ring was an oxidation with the sulfur trioxide-pyridine 
complex to give the C-3 ketone (130) in a combined yield of 8% from (125) (Scheme 33). 
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(125) ~SQ ~H a-c HO ., H d,e TBDMS ~H ~H f - h 
(126) (127) (128) 
(130) (129) 
(a) TMSCI, Imidazole, DMF, rt (b) TBDMSOTf, Et3N, DCM, O·C (c) K,C03, MeOH, O·C (d) S03 pyr , Et,N, 
DMSO, rt (e) (CF3CH,O),P(0)CH(Me)COOMe, DBU, LICI, CH3CN, rt (I) DIBAL, toluene, -78·C (9) TBAF, 
THF, -45·C (h) MnO" pentane, rt (I) CpTICI3, LIAIH4, THF, 50·C Ol 503 pyr , Et,N, DMSO, rt 
Scheme 33. 
The synthesis of the B-C-D tricycle (130) was thus stereoselective but the problem was in 
the synthesis of the A ring, which gave the wrong stereochemistry at C-4. To overcome 
this problem the synthesis was modified.36 Instead of a McMurry coupling they chose to 
form the A ring by an aldol reaction, the same strategy as used by Wender2 but differing 
in detail. The starting point of the modification was from (125); instead of conversion into 
(126) as in Scheme 33, the alcohols were disilylated, but then compound was not 
transformed into the silyl enol ether, but underwent selective deprotection directly to give 
(131). This was then reacted with 10 molar equivalents of the cerium acetylene prepared 
from lithium propyn-I-ide and anhydrous cerium dichloride. The reaction gave a tertiary 
alcohol in a stereoselective manner, believed to be through chelation control: delivery of 
the propynide by the primary oxygen, and attacking from the least hindered side of (132) 
gave the alkynol (133). The alcohol was then oxidized with sulfur trioxide-pyridine 
complex to give the aldehyde (134). The next step was to hydrolyse the propyn-l-ol group 
to a hydroxy ketone, with mercuric sulfate and sulphuric acid. After experimentation, a 1 
wt % solution of sulphuric acid in water along with mercuric(II)sulfate in THF was found 
to give the best results, giving (135) in 53% yield together with the desilylated derivative 
(136). The A ring was now formed by an intramolecular aldol reaction, which used 
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potassium tert-butoxide as the base, and gave a mixture of aldol products (137). The next 
step was the mesylation of the alcohol followed by In SItu elimination forming the alkene 
in the A ring of (138). This process gave the correct stereochemistry at the C-4 position, 
and this phorbol analogue has six contiguous chiral centres, all of correct relative 
stereochemistry. It also incorporates three of the required oxygens in the correct 
stereochemistry and oxidation state and was formed in 22% yield from (125) in a six 
reaction sequence (Scheme 34). 
H 
a,b TM~O •• ~ c (125) - HO • H '" -
'H H 
o 
-HO 
~ 
(131) 
f 
(132) 
OHC 
o OH 
(135) R=TMS 
(136) R = H 
e 
OH 
(133) j d 
TMSO 
OHC ", 
"V'"".~ 
~ 
OH 
(134) 
(a) TMSCI, ImIdazole, DMF, It (b) K2COa, MeOH, O·C (c) lithIum 
propyn-1-lde, eeCla, THF, -78·C to -30·C (d) SO, pyr, EtaN, 
DMSO, It (e) HgS04, 1% H2S04, H20, THF, It (I) KO-t-Bu, THF, 
-78·C to -65·C (g) MsCI, ElaN 
Scheme 34. 
At this point the Shibasaki group had a phorbol analogue that had the carbon 
skeleton with the correct stereochemistry at the ring junctions but lacked oxygenation in 
both the B and C rings. As part of their studies into structure-activity relationships part of 
their synthesis was modified to make analogues with the C-20 allylic oxygen and a 
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structure with oxygenation at the C-12 position.37 Starting from the carene derivative 
(120), they protected C-9 with SEMCl, deprotected the exocyclic pivaloylated alcohol with 
lithium aluminium hydride, and oxidized it with 5 mol% TPAP and NMO to give (139). 
The next step, the Wadsworth-Emmons reaction, used a different ylide; this ylide (144) 
gave the exocyclic ester (140). The ester was reduced to the alcohol and this was then 
protected to give the TBDPS ether (141) (Scheme 35). 
H H 
~ ~ ':6 H "'H a-c H ,r, , SEMCi' 'k OP,V CHO 
(120) (139) 
9 
(143) (142) 
d 
COOMe 
(140) 
le. f 
H 
Steps 
(144) 
OTBDPS 
(141) 
COOMe 
PMBO~p(O)(MeO)2 
(a) SEMCI, I-P'2NEt, DCM, 35°C, (b) LIAIH4, Et20, OoC, (c) TPAP, NMO, DCM, CH3CN, rt (d) (144), KHMDS, 
THF, ·78 °c to 25°C (e) DIBAL, toluene, -78·C (f) TBDPSCI, Imlda2ole, DMF, rt (g) HF, pyndlne, THF, OOC 
to rt 
Scheme 35. 
From compound (141) the synthesis is almost identical to that already described36 as set 
out in Scheme 34. The only difference is the protection of the C-9 position using SEM and 
the use of the ylide to form the exocyc1ic allylic alcohol. The conversion of (120) to 
compound (143) went in less than 1% overall yield. 
The lack of C ring oxygenation was tackled by modifying the early intermediate 
(119). The strategy was epoxide formation followed by ring opening, and to achieve this an 
alkene must be formed first. Starting from compound (119), the zirconium enolate was 
formed by transmeta1lation of the lithium enolate; this was phenylselenated with PhSeBr 
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giving (145), which was oxidized with m-CPBA and elimination to give the enone (146). 
Treatment of the enone with dimethyldioxirane in acetone gave the a-epoxide (147), which 
was ring-opened with a mercury-aluminium amalgam giving C-12 oxygenation, albeit with 
the wrong stereochemistry (148). The ketone was then attacked with vinyl magnesium 
bromide giving (149), and the secondary alcohol was oxidized with the sulfur trioxide 
pyridine complex giving the ketone, which was reduced with sodium borohydride to give 
the C-12 alcohol with the correct stereochemistry. Protection of the alcohol with 
TBDMSCl and the depivalolylation of the C-7 alcohol with lithium aluminium hydride 
followed by oxidation to the aldehyde with sulfur trioxide pyridine complex gave (150). 
This was treated with the phosphonate ylide to give (151). From this point the group used 
the standard transformations described above as in Scheme 34 to give the phorbol analogue 
(152) (Scheme 36). 
(119) a 
(151) 
steps 
H H ~ Ph5e~ b ~ e o ~ o ' H o < H H OP" OP,V OP" 
(145) (146) 
jd 
(147) 
OTBDM5 OH OH H ~ ~ ~ f -I :7H~ H "'H e o " H HO CHJi OP,V OP,V 
(150) (149) (148) 
(a) LOA, THF, CP2ZrCI2, Ph5eBr, -78·C to O·C (b) m-CPBA, DCM, 
O·C (c) DMDO, acetone, -78·C to 25·C (d) AI-Hg, THF, EtOH, H20, 
-30·C (e) Vinyl magneSium bromide, THF, -78·C to -30·C (I) 50a• pyr, 
EtaN, DM50, rt (g) NaBH., MaOH, O·C (h) TBDM5CI, Imidazole, DMF, rt, 
(152) then LIAIH., Et20, O·C (I) 50a, pyr , EtaN, DM50, rt (J) KHMD5, THF, 
HMPA, PhaP\CH2hOC(OMe)Me2B(, -50·C to rt, then 50% AcOH aq, 
THF,rt 
Scheme 36. 
42 
In a later publication,15 Shibasaki combined both the oxygenation on the C ring at 
the C-12 position with the use of the ylide that gives, after reduction of the ester the 
exocyclic alcohol, giving a phorbol derivative that lacks only the oxygenation at C-13 and 
the C-18 methyl group. This route uses the phosphonate (144) and the precursor (153), 
which, apart from SEM protection at C-9, is the same as (150). These two are reacted 
together to give the Z-stereoisomer (154), and the intermediate then undergoes the standard 
transformations as described above giving the analogue (155) (Scheme 37). 
~ SEMO CHO + ~OPMS (OMel2(O)P C02Me 
(153) (144) 
Scheme 37. 
LHMDS 
LISr 
toluene 
-78°C 
OTSDMS 
Steps 
OH 
(155) 
The Shibasaki group have also been involved in making the C-D ring by catalytic 
asymmetric cyclopropanation.38 Their first attempt gave (156) but they did not use this to 
make any analogues, claiming that it was not effective in the formation of phorbol 
analogues. 
Later work39 on intramolecular asymmetric cyclopropanation to form the C-D rings 
gave an intermediate with the C-13 oxygenation and the C-18 methyl in place (166). To 
achieve this, the first aim was the formation of (157). Starting from prenol (158) the diol 
(159) was formed through the epoxide. This was selectively acetylated and oxidized, 
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followed by 1,4-hydrosiliylation; diazide formation was followed by cyc1opropanation 
with Cu(acac)2 to give (157) (Scheme 38). 
~OH 
(158) 
a. b ll. c. d. e 
--'--""'-j'OH --~ 
OH 
(159) 
~OCOCHN2 --~ 
OTES 
(160) 
O~ 
o H 
(157) 
(a) TBHP. VO{acach 1mol%. toluene. 60°C (b){,) A~O. Et3N. rt. (Ill T,{O,Pr) •• rt. 5 days (c) A~O. Et3N. 
DCM. OoC (d){,) 503 pyr. Et3N. DMSO. rt. {Ill Et3S,H. {Ph3PhRhCI. 0 2 mol%. 80°C (e){,) LHMDS. THF. 
-78°C. {Ill CF3C02CH2CH3. _78°C to -30 °C. (Ill) Et3N. H20. MsN3. _30°C to rt. (f) Cu{acach 5 mol% 
Scheme 38. 
Following these results a set of experiments was performed using different catalysts, to 
perform the cyc1opropanation the best one was Doyle's catalyst [Rh2(5R-MEPY)4], which 
gave a yield of 73% and an ee of 77%. Once compound (157) had been formed it was 
converted into a Weinreb amide and then oxidized using POC to give the aldehyde (161). 
The protected allylic alcohol (162) was then formed by the addition of 
isopropenylmagnesium bromide, with the resultant alcohol being trapped with TBOMSCl 
to (161). Hydroboration followed by an oxidative workup gave the desired product in a 6:1 
ratio (163)'(164). The Weinreb amide was then reduced to the aldehyde, which was reacted 
with a Wittig reagent forming a double bond. POC was then used to form the aldehyde 
(165). The isoxazoline (166) was formed through the oxime, which was then oxidized to 
give a nitrile oxide, which cyc1ized to give (166). The resulting isoxazoline (166) was ring-
opened with Raney nickel, and the ketone that was formed during the ring opening 
underwent attack by vinylmagnesium bromide to give (167) (Scheme 39). 
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~"' :!;~r PTES O~S OTES ~ PTES O~ a,b ~ H ~ c,d e 'N " , , 
" N " N " o H Med 0 H Med 0 H Med 0 H 
(157) (161) (162) /"9' f, 9 (1:4) 
;;YMS ~~ ~ OTES OTES I,) h OH ~ HO • , 
- " N " H Med H 
OH 0 
(167) (166) (165) 
(a) MeAICIN(Me)OMe, toluene, -78·C to rt. (b) PDC, MS4A, DCM, rt (c) Isopropenylmagneslum bromIde, 
THF, -78·C to -60·C (d) TBSOTf, 'Pr2NE~ DCM, -78·C to 5·C (e)(l) BHa THF, toluene, THF, -78·C to 30·C 
(11) H20 2, NaOH, H20 (f)(I) DIBAL, toluene, -40 ·C, (11) PhaPCH2, THF, -78·C to O·C (g) PDC, MS4A, DCM, rt. 
(h)(I) NH20H HCI, NaOAc, H20, EtOH, rt (11) 5% NaOCI aq, DCM, O·C (I) H2, Raney-NI (W-2), HaBOa, EtOH, 
MeOH, H20, rt ~) vonylmagneslum bromIde, THF, -30·C 
Scheme 39, 
Fragment (167) has all the functionality required in the C ring with correct absolute 
stereochemistry. 
The Shibasaki group should be able to use the methodology previously developed 
to complete a total synthesis of phorbol provided they do not find unexpected 
complications arising from the new functionalities on their C ring precursor. 
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1.3.4 Harwood: intra-molecular Diels-Alder-furan approach. 
Harwood's approach to phorbol is based around an intramolecular Die1s-Alder 
reaction where the diene is a furan. These cycloadditions have been used successfully to 
make natural product skeletons40 even though adducts can exist in equilibrium between 
ring-closed and ring-opened forms. Harwood's first publication on this work,41 a model 
• 
study, indeed showed this facet of the chemistry. The first attempts at cyclising compound 
(170) tried heating and the use of Lewis acids including Znh and Aiel). This however did 
not lead to the formation of products. The use of ultra-high pressure, 14 kbar, resulted in 
cyclization. This gave two products, (171) the endo, and (172) the exo. IH NMR 
experiments on the reaction mixture; involving taking out aliquots of the reaction mixture 
and analysing them showed varying composition over time. The experiments show that the 
exo adduct (172) forms faster, and that over extended reaction times, at 14 kbar, the 
percentage composition of (171), the endo isomer rises. This is the opposite of the result of 
a Diels-Alder reaction at normal pressure, where due to secondary orbital interactions, the 
endo isomer is the kinetic product. With the exo isomer being the thermodynamic product. 
(Scheme 40). 
--0 o a.b n _....:.C._d _ n _ _ _ ---"O~Br ~ 'o/"-"""-""Y""" 
OH 
(168) 
--€0 
o 
+--€0 
o 
f 
(172) (171) (170) 
(a) n-BuLI. THF. -20·C to O·C (b) Br(CH2).Br (c) Mg, EI20, (d) CH2=CHCHO, O·C (e) Cr03-C.HsN, DCM (I) 14 
kbarDCM, rt 
Scheme 40. 
Molar volume measurements42 on the products in scheme 40 show that the exo isomer 
(172) has a molar volume of 169 cm3 mOrI, and the endo isomer (171) has a molar volume 
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of 164 cm3 mOrl. Extended reaction times under high-pressure favours the isomer with the 
smallest molar volume, leading to a higher percentage of the endo isomer being formed. 
The products are unstable and both the endo (171) and exo (172) isomers cyclorevert to 
(170) at room temperature and atmospheric pressure. The next model study43 compared 
internally and externally activated diene substrates. Internal and external activation refers 
to the position of the electron-withdrawing group, with respect to the product that should 
form. In an externally activated precursor the electron withdrawing group would be exo-
cyclic, in an internally activated precursor, the electron-withdrawing group would be endo-
cyclic. The results of the study were that internal activation was better than external: (170) 
gave a 1:1 ratio of products (171) and (172) with R = H and a 5.4 ratio with R = Me. When 
externally activated, the E isomer (173) gave a cyclized product, whereas the Z isomer 
gave no product. With R = Me in the E isomer (174), no cyclized product was formed, and 
with R = H only 50% conversion occurred, the ratio of products being 3:2 (176):(175) 
(Scheme 41). 
(173) R = H 
(174) R = Me 
:~:b + 
en do 
(175) 
no reaction or cycloreverslon 
R = Me or H 
Scheme 41. 
exo 
(176) 
Based on these observations it would seem that a combination of external activation with 
an E double bond and internal activation on the dienophile would give the best results. This 
was investigated;44 with both E (177) and Z (178), doubly activated precursors being made 
and subjected to high-pressure conditions (Scheme 42). 
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W H2o Pd/BaS04 W 19 kbar 
(179) 
0 t:p i~p H2o Pd/BaS04 (177) 
(180) 
19 kbar 
o 0 
(178) (181) 
Scheme 42. 
The E precursor (177) gave two products, (179) in 25% yield and (180) in 5% yield after 
hydrogenation to prevent cyc1oreversion. Compound (180) has the required 
stereochemistry for the phorbol BC ring junction. The higher percentage of (179) shows 
the preference for the internally activating ketone to assume an endo configuration, 
conversely the other isomer (180) corresponds to the external activating group assuming an 
endo configuration. In the reaction of (178) the Z precursor, where both groups are on the 
same side of the double bond, this competition cannot occur, and cyclization followed by 
reduction gives only one product (181) in 35% yield. Compounds (180) and (181) differ 
only in the stereochemistry of the C-8 position. Compound (181) was treated with sodium 
methoxide in methanol to epimerize this centre; this was based on precedent in 6-6 ring 
systems,44 where elimination had occurred at the ring junction hydrogen, with subsequent 
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oxo-bridge cleavage, meaning that enolization here was preferential. The experiment 
worked and (181) was converted to (182) in 84% yield (Scheme 43). 
NaOMe,MeOH i3J 
(182) 
Scheme 43. 
This route therefore gives a stereoselective approach to the B-C ring junction. The 
epimerization can be viewed as forming the isomer that relieves torsional strain 
Once these aspects of sterocontrol in the B-C ring had been studied attention was 
turned towards the A-B ringjunction.45 The first investigation used an IMDAF of the type 
used previously41 (Scheme 40). The A ring of the phorbol analogue was to be derived from 
the starting material 3-allylcyclopent-2-enone (183) which was reacted with lithium di(2-
furyl)cyanocuprate in the presence of BF3.0Et to give (184) in a 3:1 eis/trans 
diastereoisomeric ratio. This was treated with sodium methoxide in methanol to epimerize 
the allyl group that is ex to the ketone centre to give a 9: 1 diastereoisomeric ratio; 
purification, however, gave only a modest 28% yield. Ketalisation and hydroboration-
oxidation gave the primary alcohol (185); Swem oxidation then gave the aldehyde (186). 
This was unstable and was treated with vinyl magnesium bromide immediately to give an 
allyIic alcohol, which was oxidized, to the cycIization precursor (187), in 23% yield overall 
from (183) (Scheme 44). 
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~ ~ ~ ~ H 0 I-!. 0 Ii. 0 a,b c-e f H "'- o OH OH ?...JH CHO 0 U 
(183) (184) (185) (186) j 
9, h, 
(187) 
(a) Lithium dl(2-furyl)cyanocuprate, BF3 OEt, THF _78°C (b) NaOMe, MeOH, rt (c)HOCH2CH20H, H+, 
toluene, reflux (d) B2He, THF (e) H20 2 aq, NaOH (I) (COCI2), DMSO, DCM, Et3N, -50°C (g) CH2=CHMgBr, 
THF (h) (COCI2), DMSO, DCM, ElaN _50°C 
Scheme 44. 
An attempt to purifY the cyclization precursor (187) on silica gel was performed which led 
to a change in the composition of the mixture. Harwood found that cycJization had been 
occurring on contact with silica gel, a phenomenon that had been noted previously by 
Caple46 with intermolecular Diels-Alder reactions. The result was a I :2: I mixture of the 
starting material (187) and two cyclization products (188) and (189) (Scheme 45). The 
major product was the endo-cycloadduct, (188), which was recrystallized at -12°C from 
the reaction mixture, and subjected to X-ray crystallography for its structure to be 
determined. 
a,b 
+ 
(187) (188) (189) 
(a) 5102, DCM, rt, 16 h, (b) -12 QC, 7 days 
Scheme 45, 
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This example was the first IMDAF of this type occurring without the use of ultra-high 
pressure. The minor isomer (189) was hydrogenated, removing the double bond, and 
characterised by X-ray crystallography, confirming the structure. This study proved that 
the stereochemistry of the A-B ring junction can be fixed at an early stage and that it is 
carried through to the final molecule. Based on these results the Harwood group went on to 
investigate the incorporation of the A ring in the synthesis of doubly activated precursors.47 
Starting from (186) a lithium acetylide was added to the aldehyde giving (190) this was 
followed by reduction using Lindlar's catalyst giving (191). Oxidation with activated 
manganese dioxide gave (192), this when treated with iodine in chloroform caused the 
formation of the E isomer (193) in 18% yield from (186) (Scheme 46). 
a 
(186) (190) 
(193) 
b 
I~ 
ti.. 0 
~ CO,Et 
OH 
(a) LICC-CO,Et. THF, _70°C (b) H,. EtOAc, Llndlar catalyst (c) Activated MnO" CCI •• rt (d) I,. CHCI3. 15 mm 
Scheme 46. 
Cyclization precursors (193) and (192) were subjected to stirring with silica gel. The 
E isomer (193) gave a mixture of products when subjected to silica and these could not be 
purified. But when subjected to high pressure, two products (194) and (195) were obtained, 
in an 11 % and 48% yield respectively. The Z isomer behaved similarly, and again gave 
two cyc10adducts (196) and (197) was formed in 38% and 18% yields respectively 
(Scheme 47). 
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(193) a,b + 
(194) 
(192) a,b + 
(a) 19 kbar, DeM, 5 mln (b) H2, EtOAc, Pd/BaS04 
Scheme 47. 
o ~OH 
(195) 
o ~OH 
(197) 
H 
The carbocycle (194) has six contiguous chiral centres that correspond to the phorbol 
skeleton. In this study, unlike the 1988 model study,44 the Z isomer when cyc1ized gave 
both endo and exo-isomers. The work was furthered by adding thiol derivatives to the 
furan ring to allow cleavage, to form the C ring of a phorbol derivative. The thiol groups 
used were thiophenyl and benzylthio groups, and attempts were also made to introduce a 
methyl group into the furan ring. This initially did not work, but by varying the thiol group 
both the placement of the C-18 methyl group and oxygenation at C-13 was achieved. The 
syntheses started from (183) as previously (Scheme 48). 
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y y y 
x 
~ a b c,d OH 
(183) (1983) X=SBn, Y=H (199a) X=SBn, Y=H (2003) X=SBn, Y=H 
(198b) X=SPh, Y=CH3 (199b) X=SPh, Y=CH3 (200b) X=SPh, Y=CH3 
(198c) X=SBn, Y=CH3 (199c) X=SBn, Y=CH3 (200c) X=SBn, Y=CH3 
1 e 
y 
X X 
h 9 f 
OH OH 
"... C02Me "... C02Me 
C02Me 
(2043) X=SBn, Y=H (2033) X=SBn, Y=H (2023) X=SBn, Y=H (2013) X=SBn, Y=H 
(204b) X=SPh, Y=CH3 (203b) X=SPh, Y=CH3 (202b) X=SPh, Y=CH3 (201b) X=SPh, Y=CH3 (204c) X=SBn, Y=CH3 (203c) X=SBn, Y=CH3 (202c) X=SBn, Y=CH3 (201c) X=SBn, Y=CH3 
(a) a, 2-(benzylth.o)furan, b, 2-phenylth.o-4-methylfuran, C, 2-benzylth.o-4-methylfuran, (CH3hSII, 
(CH3hC=CHCH3, _78°C (b) HOCH2CH20H, p-TSA, toluene, reflux (c) B2H6, THF, H20 2, NaOH, H20 (d) 
SWern (e)L.CC-C02Me, THF, _80°C (f) H2, Pd-BaS04' rt (g) a and b; Swern, c, Dess-Martln penodlnane, 
DCM 
Scheme 48. 
From compound (183), following a procedure developed by Kraus48 using trimethylsilyl 
iodide, the thiofuran was added to the cyc1opentenone, forming (198) and the equivalents 
for all three series. The ketone was then protected as an acetal giving (199). 
Hydroboration-oxidation followed as before, giving the alcohol (200). The equivalents for 
all three variants a, b and c were prepared in the same manner. Addition of a lithium 
acetyIide, after the alcohol had been oxidized by Swem oxidation gave compound (202); 
again the same procedure was followed for all three analogues. Reduction with unpoisoned 
PdlBaS04 gave the Z-alkene (203) and oxidation by Swem gave (204a) in 33% and (204b) 
in 13% overall yield. Dess-Martin periodinane gave (204c) in 28% yield. These three 
compounds were the cyclization precursors. Cyc1ization of (204a) under high-pressure 
conditions, 19 kbar, in DCM gave the endo cycloadduct only49 (205) (Scheme 49). This 
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was not the case when the thio group was not present on the ring.49 The yield of the 
cyclization step was also higher when the thio group was present, at 68%, so adding the 
thiol not only made the reaction higher yielding, it also made it highly stereoselective. 
Epimerization of the ring junction with sodium methoxide in methanol only gave one 
product (207) in an 85% yield. The cleavage of the oxygen bridgehead with aqueous 
Hg(II)CI also worked, in this case in 58% yield. This gave a tricycle (208) with the correct 
stereochemistry at Col, C-2, C-6, C-7 and C-Il. 
f}-SBn 
~C02Me 
o 0 
LJ (2040) 
19 kbar 
DCM 
(a) H2, EtOAc, Pd/BaSO. (b) NaOMe, MeOH, rt 
(c) HgCI2 aq, CH3CN, 50 ·C, B days 
')C}-SPh 
~C02Me 
U 
(204b) 
19 kbar 
DCM 
~SBn .. 0'" '''Ho CD,Me o OH 
LJ 
a 
(205) 
~• C02Me c OH H -o o OH 
LJ 
(208) (207) 
no reactton 
Scheme 49. 
The cyclization precursor (204b), which contains both a methyl group and a thiophenyl 
group, was also subjected to high pressure,so 19 kbar, but in this case no cyclization 
occurred (Scheme 49). Two reasons were postulated for this; one is that steric interaction 
of the methyl group on the furan ring and the methylene protons on the cyclopentane ring 
may be disfavourable to cycloaddition. The other is that the thiophenol group may not 
donate enough electron density to the HOMO of the furan diene. After this result the 
investigators returned to using benzyl thiol, and after some difficulty using known 
procedures,sl they settled on the procedure shown below (Scheme 50). Starting from 
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methyl 3-methylfuran-2-carboxylic acid (209), a bromination was performed giving (210). 
This was followed by hydrolysis in aqueous methanolic KOH, affording (211) in a 76% 
yield over two steps. Decarboxylation with mercuric chloride and steam distillation then 
gave (212). Lithium halogen exchange followed by reaction with benzyl dithiol gave (197) 
in 47% yield from (195) (Scheme 50). 
OnO-
o 
(209) 
a 
Br-On°---
b
- Br-On°H 
o 0 
(210) I c (211) 
n Bns-!!..o'P __ d_Br-Q 
(213) (212) 
(a) Br2, DCM, -5 QC (b) KOH, MeOH, H20 (c) HgCI2, H20, reflux (d) I-BuLl, THF, -78 ·C, (BnSh, d,sllllat,on 
Scheme 50. 
Once compound (213) had been formed it was subjected to all the reactions described 
above in scheme 48, eventually giving (204c). When subjected to the high-pressure 
conditions (204c) gave a clean cyclization in 45% yield, giving the endo-cycIoadduct (214) 
(Scheme 51). The methyl group made the cycIization product more stable, and allowed an 
X-ray structure to be obtained. 
19 kbar, DCM 
(204c) (214) 
Scheme SI. 
Having performed a stereoselective cyclization and epimerization, the Harwood 
group turned their attention to the formatJon of the C and D rings. They carried out a model 
study,52 with the aim to turn the C ring into a siIyl enol ether to allow either carbene or 
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carbeneoid reactions to fonn the D ring. The work used methyl 2-
oxocyclohexanecarboxylate (215) as the starting material; this has the same functionality 
as (208) possesses in the C ring. The first step was to fonn the acetal using trim ethyl 
orthofonnate, giving (216), which was then converted to the enol ether under kinetic 
conditions, giving (217). Epoxidation followed by ring opening under acidic conditions 
gave (218) which was protected as a silyl ether to give (219). Krapcho decarboxylation53 
gave TBDMS protected 2-hydroxy cyclopentanone (220), and silyl enol ether fonnation 
gave (221), a total of 48% yield from (215). Once (221) had been prepared, the synthesis 
was shortened by intercepting (220) from 2-hydroxy cyclohexanone dimer (222), (Scheme 
52). 
OMe 
O::02Me 
a 
(tOMe 
b CCOMe C02Me C02Me 
(21S) (216) (217) 
OTBDMS 
f 
OTBDMS 
~OTBDMS U _.-- &0 
(221) 
(a) HC(OMeh, 10-CSA, MeOH, reflux, 16 hr 
(b) LOA, THF, -40°C, 1 hr 
(c) (I) DMDO, DCM, 10 mm, 
(11) 10-CSA, acetone, water, 30 mm 
(d) TBDMSCI, Imidazole, DMAP, DCM, rt 
(e) DMSO, H20, NaCI, 130°C 
(I) TBDMSOTf, Et3N, DCM, rt 
(g) TBDMSCI, DMAP, DCM, rt 
(220) l 9 
d~:o 
o OH 
(222) 
Scheme 52. 
OH 
c 0:02Me 
(218) 1 d 
e 
(219) 
Compound (221) was then reacted with dibromocarbene; tribromomethane was 
added to a slurry of (221) and potassium tert-butoxide in dry pentane. This gave a mixture 
of products (223) and (224), in 19% and 53% yields respectively, with the major product 
being trans with respect to the secondary alcohol and the cyclopropane ring. These 
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dibromocyclopropanes were then treated with lithium dimethyl cuprate and methyl iodide 
to give (225) and (226) in 6% and 37% yields respectively. Silyl deprotection of (226) 
gave compound (227) in 53% yield. The addition of the dibromocarbene was sterically 
controlled, and the major product of the dibromocarbene addition (224) was thermally 
unstable and degraded after a week at room temperature. An alternative to the use of 
dibromocarbene was to use lithium carbenoid chemistry; this was achieved by the reaction 
of2,2-dibromopropane with n-BuLi at -78°C, which gave only one isolated product (228) 
the minor isomer in the dibromocarbene addition. Opposite stereochemistry is formed, the 
cyclopropane ring being cis to the secondary alcohol; this effect could be due to the 
chelation of the carbenoid with the oxygen in the silyl ether at the secondary centre, which 
would direct the carbenoid attack would come from one side. This effect is also seen in 
Simmons-Smith reactionsS4 (Scheme 53), but had not previously been noted with lithium 
carbenoids. 
DlBDMS 
&OlBDMS 
(221) 
c.d 
OH 
d< 
(228) 
DlBDMS DlBDMS 
~~DMS cJZDMS " r b 
/ Br 
(223) (225) 
~ glBDMS glBDMS gH ~~DMS b ~DMS d Cb< " r Br 
(224) (226) (227) 
(a) CH3Br, I-BuOK, pentane, -10°C to rt (b) Me2CuLI, Et20, -23°C, then Mel 
-63°C (c) (CH3hCBr2, n-BuLI, pentane, -78°C to rt (d) n-Bu.NF, lHF, reflux 
Scheme 53. 
Extension of this methodology to the IMDAF system should allow the formation of 
the tetracycle. 
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1.3.5 Page: intramolecular Diels-Alder approach. 
The Page group synthesis of the phorbol tigliane skeleton is based around an 
intramolecular Diels-Alder reaction. This reaction forms the B and C ring of phorbol 
and therefore gives control of the relative stereochemistry at the B-C ring junction. 
The key IMDA step is performed under sealed tube conditions. The first stage of the 
syntheses starts with cyc1opentenone (229). ss Conjugate addition of vinyl magnesium 
bromide under copper catalysed conditions in the presence of trimethyl silyl chloride 
gives (230). Compound (230) is added to dimethyl methylene malonate with 
tin(IV)chloride in DCM. The ketone that arises from this addition is then protected as 
an acetal to give compound (231), the completed A ring Diels-Alder precursor. The 
malonate CH is then deprotonated with LDA, and to it is added E-5-bromopenta-l,3-
diene (232) to give the cycIization precursor (233). Diene (232) is formed from 
acrolein by a Wittig reaction of the appropriate stabilised phosphonium yIide. The 
resulting ester is then reduced to the alcohol and displaced by bromine by use of 
phosphorus tribromide, giving (232). Cyc1ization under sealed tube conditions at 140 
DC in degassed toluene gives two cyc1ization products, which were postulated as 
being the two facial isomers of exo-cyc1ization, namely (234) and (235). This gave the 
5-7-6 skeleton, but with no oxygenation in the Coring (Scheme 54). 
9 cl Q.J 9 a b.c C02Et d ..... --< 
0 OSIMe3 0L_P C02Et o Et02C C02Et 
(229) (230) (231) (232) (233) 
~Br e 
(a) CH2=CHMgBr. CuBr DMS. Me3SICI. DMPU. 
Et3N. THF. -78 DC 
(b) Dlethyl methyhdene malonate. SnCI4• DCM. -78 DC 
(c) HOCH2CH20H. TsOH. benzene. reflux 
(d) LOA. THF. 232.-78 DC 
(e) Toluene. sealed tube. 140 DC. 14 days 
M ~"H 
Et02C C02Et 
(235) 
Scheme 54. 
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+ ~ Et02C C02Et 
(234) 
The methodology was modified56 to include the oxygenation at C-13. A new 
diene unit was synthesized. Ethyl 4-oxo-pentanoate (236) was the starting material; 
bromination, prior to HBr elimination, generated an a,13-unsaturated ketone (237), 
which was then trapped as the silyl enol ether (238) with TIPSOTf. Reduction with 
DIBAL gave the alcohol, which was converted to the acetate with acetic anhydride to 
give (239), in an overall yield of 83% in 4 steps from ethyl 4-oxopentanoate (236) 
(Scheme 55). 
a 
-
o 
~O-..,,/ 
o 
(237) 
b 
-
OSI'pr3 
~O-..,,/ 
o 
(238) (239) 
(a) Br2, CHCI3, Et3N, DCM, (b) TIPSOTf, Et3N, Et20 (c) DIBAL, THF (d) AC20, DMAP, Et3N, DCM 
Scheme 55. 
Once the diene (239) had been synthesized it was coupled to the A ring precursor 
using an allyl palladium coupling. The active palladium species was 
tetrakistriphenylphosphinepalladium (0), which gave a It-allyl complex with the 
diene, which then reacted with (231) to give the coupled product (240) in 77% yield. 
The coupled product was heated under sealed tube conditions in degassed toluene at 
150-160 °C for 3 days, to give two cyclized products, (241) and (242), in 45% yield 
as an inseparable mixture of isomers (Scheme 56). These were again attributed to exo-
cyclization. 
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~ CO,Et V~""---< O\.._..p CO,Et + 
(231) (239) 
(a) [Pd,(dba), CHCI3], CHCI3, Ph3P, THF 
(b) LHMDS, THF 
(c) Toluene, sealed tube, 150-t60·C, 3 days ~os,'pr3 ~ I H -'H + o Zv~tO,C CO,Et 
(242) 
Scheme 56. 
(240) 
c 
~os,'pr3 ~ I ° FI H Zv~tO,C CO,Et 
(241) 
The next modification57 was again to increase the degree of oxygenation. This was 
initially attempted by increasing the oxygenation of the diene (239) with DMDO, and 
then reforming the silyl enol ether. Oxygenation of the terminal alkene did occur, but 
treatment with TIPS-OTf gave the isomeric product, with the wrong diene 
regiochemistry, giving a vinyl instead of an allyl acetate. Oxygenation of the C-12 
position had to be performed on the coupled product (240). This was performed with 
m-CPBA and sodium bicarbonate to give (243); the ketone was converted to a silyl 
enol ether with TIPSOTf to give the cyclization precursor (244), in 65% yield over 2 
steps as one stereo isomer. The sealed tube reaction used toluene with 
diisopropylethylamine and was heated for 14 days at 240 cC, to give an 80% yield of 
cyclized products, (245) and (246), as a 1: 1 mixture of isomers. Isomer (246) has a 
proposed stereochemistry that corresponds to phorbol at C-4, C-8, C-9, C-I0 and C-
12 (Scheme 57). 
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(240) 
(a) m-CPBA, NaHC03, DCM 
(b) TIPSOTf, Et3N, DCM, OoC 
(c) Toluene, Hum9'S base, sealed tube 
240°C, 14 days 
(243) 
(246) (245) 
Scheme 57. 
Page then published a synthesis of a tetracycle that contains all four rings, but has no 
oxygenation in the C ring.58 The tricyclic units (234) and (235) are synthesized as 
above in scheme 54. These compounds were then reacted with dibromocarbene, 
which was generated from bromofonn and sodium hydroxide, in a DCM/water 
biphasic solvent mixture. This fonned the cyclopropane but with no selectivity. The 
acetal units of these compounds were hydrolysed and the ketones were reacted with 
2,4-dinitrophenyl hydrazine. The hydrazones were separated by fractional 
crystallization into a 1:1 mixture of (247a), (247b) and (247c), (247d); the last two 
were separated by chromatography and the isomers were characterized by nOe and 
NMR experiments (Scheme 58). 
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t&~ I (234) H H (j°O Et02C C02Et 
/ 
(23S)~ 
~:~ (P Et02C C02Et 
\ 
~"HBr ~H Br ~"HBr ~H Br H H tt tt ,··.Br : Br '-"Br 'Br HH HH HH HH DNPNHN CO Et DNPNHN CO Et DNPNHN CO Et DNPNHN CO Et 
Et02C 2 Et02C 2 Et02C 2 Et02C 2 
(247.) (247b) (247c) (247d) 
Scheme 58, 
The next approach was to alter the dienophile portion of the A ring 
precursor;S9 this would allow the use of Lewis acids to catalyse the Diels-Alder 
reaction, and would add the C-18 methyl group, The synthesis was based on a 
modification of the A ring, starting from (231) as shown in scheme 54, Compound 
(231) was subjected to ozonolysis, with the aldehyde being taken through to the 
Wittig step with a solvent exchange of DCM to THF, giving (248), These two steps 
took place in a combined yield of87% over the two steps from (231) (Scheme 59), 
0 C02Me ~""-io,Et 9 a C02Et b C02Et "",---< "'11---< o C02Et ° C02Et 0 C02Et 
(231) (a) °3, DCM, -78 QC to rt (b) Ph3P=CHC02Me, THF, rt (248) 
Scheme 59, 
The diene portion was altered slightly; compound (238), made as shown in scheme 
55, was again reduced with DIBAL to the alcohol, which was treated with n-BuLi in 
THF and reacted with methylchloroformate to give the carbonate (249). This was 
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reacted with (248) under reflux with tetrakistriphenylphosphinepaIladium (0) in 
DCM, this gave the coupling product (250) in 50% yield (Scheme 60). 
OTIPS 
~C02Et 
(238) 
a OTIPS b OTIPS 
--=-~OH ---=:....- ~oc2oMe 
(249) 
(a) DIBAL. THF, OoC 
+ c]C02Me C02Me ',.,,-\ 
o\_p C02Me 
(248) 
(b) n-BuLI, THF, Me02CCI -78°C 
(c) (PPh3).Pd 10 mol%, DCM, reflux 
f=l02Me.-9 OTIPS 
Q.... (250) 
O\.. .... .P Me02C C02Me 
Scheme 60. 
After making the coupled product (250), cyclizations with Lewis acids were 
attempted, but these did not work, and resulted in the formation of polymeric material 
or desilylated triene. Sealed tube methodology did result in cyclization, to give two 
products (251) and (252), in a 1:1 ratio in 93% yield. Compound (251) results from an 
endo transition state and gives a product that is similar to (242). The other isomer 
results from an exo transition state gives a eis-fused product (252); this had not been 
seen in earlier work, and the stereochemistry was proposed on the basis of nOe and 
NMR experiments (Scheme 61). 
a 
M~02C OTIPS ~ I 
H -'H + 
o H 
Me02C C02Me 
(250) (251) 
(a) sealed tube, toluene, hydroqulnone, 160°C, 72 h 
Scheme 61. 
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M~02C OTIPS 
tl I 
H H 
OH 
Me02C C02Me 
(252) 
Unfortunately the products obtained from the experiment have the wrong 
stereochemistry, phorbol is trans-fused across the 8-C ring junction; (252) is eis-
fused and the endo-isomer (251), which is trans, has the wrong stereochemistry with 
respect to C-9 and C-lO. The possible transition states, the two endo, and the two exo 
were modelled by Willock and Galea. They discovered that the required endo 
transition state was disfavoured compared to the two observed products by a free 
energy barrier of 30 kJmorl with respect to (251) and a barrier of 10 kJmorl with 
respect to (252). This suggests that the required IMDA product is kinetically 
disfavoured with this cyclization precursor; further studies using a different precursor 
are in progress. 
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1.3.6 Cha; Oxyallyl [4+3] cycloaddition approach. 
In 2001 Cha et al. intercepted Wender's advanced intennediate in a fonnal 
synthesis of (+ )-phorbol. 60 The starting material for their synthesis was the 
diprotected furan diol derivative 2,5-bis(tert-butyldimethyl-silyloxymethyl)furan 
(253). This was reacted with the oxyallyl generated under Fohlisch's conditions,61 
which, after reduction with zinc gave the mesa cyc10adduct (254) in 93% yield. This 
cyc10adduct contains the C-9 bridged oxygen. The TBDMS groups were removed 
with HF, and the alcohols were then converted to their corresponding acetates. The 
next key step was the desymmetrization of the mesa cyc1oadduct, which was achieved 
enzymatically with Candida rugasa, and gave (255) in 90% yield and 80% ee. The 
primary oxygen was protected as a TBDMS ether, and the acetate was removed by 
basic hydrolysis. The alcohol was protected by BOMCl giving (256). Enantiose1ective 
deprotonation with Simpkin's base (261) on the cyc10adduct (256) followed by 
treatment with Eschenmoser's salt, and then by methyl iodide and base gave (257) as 
essentially one stereoisomer. To compound (257) was added vinyl magnesium 
bromide under copper catalysed conditions, which gave (258) as one stereoisomer. 
A different approach to the fonnation of (258) was the radical allylation of 
compound (256); again this used the chiral base and gave compound (259). Base 
catalysed epimerization with sodium methoxide in methanol gave the desired isomer 
(258). Addition of lithium phenylacetylide with lithium bromide, followed by the 
trapping of the alcohol with TMSOTf, gave compound (260). This compound (260) 
has the desired stereochemistry for the A ring cyclization, and was prepared in an 
overall yield of29% from (253) (Scheme 62). 
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(253) 
..(J-TBDMSO 0 OTBDMS 
a 
+ 
0 
CI~CI 
Cl 
:c( ~"I = k Q ~ o > 
OTBS 
(259) 
(254) 
OTBDMS ~ , .... 
o '>. 
OTBDMS 
~' h o ~ 
o ~ 
OTBS 
(258) 
I,m 
OTBS 
(260) 
(255) R', H, R2, Ac 
(256) R', TBDMS, R2, BOM 
~ OR' I f, g 
~' o ~ o , 
OTBS 
(257) 
Ph.-lN.J..Ph 
I 
LI 
(261) 
(a) EI3N, CF3CH20H, Zn, MeOH (b) HF, THF (c) Ac,O, DCM (d) Candid. rugos. (e) TBDMSCI, ImIdazole, DMF, 
(11) K2C03, MeOH, (Ill) BOMel, DCM <n (261) LICI, Eschenmose~s sail (g) CH31, NaHC03 (h) Vinyl magnesIum 
bromIde, Cui (I) (261), lICI, TMSCI, NIS 0) Allyltnbutyltln (k) NaOMe, MeOH (I) PhCCLI, LIBr, THF (m) TMSOTf, 
THF 
Scheme 62. 
Compound (260) was BOM deprotected with bromo catechol borane. The exposed 
alcohol was oxidized and reacted with the Wittig reagent (269) to give (262). The C-
11 methyl was added using a conjugate addition method developed by Hruby,62 which 
gave a >20:1 diastereoselectivity in favour of the desired isomer (263). The amide 
chiral auxiliary was then reduced with lithium borohydride to an alcohol, which was 
oxidized to an aldehyde; this was followed by a Wittig reaction using the Stork 
variant, to give the Z-vinyl iodide (264). This step was followed by an intramolecular 
Heck reaction, to form the C ring, producing compound (265) as a single isomer. The 
A ring was formed by Sato's enyne cyclization protocol,63 giving the desired isomer 
(266) as a single product in 83% yield. Allylic oxidation with chromium trioxide-3,5-
dimethylpyrazole gave a 1: 1 mixture of the epoxide (267) and the enone (268) in 85% 
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overall yield. The epoxide was deoxygenated using a procedure by Ganem64 to give 
(266). allowing it to be recycled (Scheme 63). 
0 Aux 
(260) •• b c 
0 0 ~.,\, ~ .. ,\ Ph3P~NJl.0 Ph-= Ph-= 
~9) OTBDMS OTBDMS (262) (263) I ',0,' , 
~ 0 I "11/ 0 H h 9 r; ~ . --- ,.,\ Ph OT~~ OTBDMS Ph-= OTBDMS OTBDMS 
~""1 (265) (264) 
~ '" ,0 ",/ 0 H .. " k "'1 r; '> Ph OTMS OTBDMS OTBDMS OTBDMS 
(267) (268) (90) 
(a) Bromo catecholborane. (b) swem OXidation (c) MeMgBr. CuBr DMS (d) LIBH4 (e) Swem OXidation (I) 
Ph3P=CHI (g) 5 mol% Pd(OAc),. HC02K. n-Bu4N+B( (h) TI(O+Pr)4. I-PrMgBr (I) Cr03 DMP ~) N2C(C02Et),. 
Rh2(OAc)4. (k) L-Selectnde 
Scheme 63. 
The enone (268) was reduced with L-selectride to remove the double bond, to give 
(90), which is the advanced intermediate developed by Wender, as the (+)-isomer, so 
completing a formal asymmetric synthesis (Scheme 63). 
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1.4.1 Guanacastepene, 
Isolation; structure and biological activity. 
Guanacastepene A was isolated by Clardy et al. in 2000,2 it was discovered in 
the hexane extract of a filamentous fungus CR 115 grown in potato dextrose broth, an 
extract which showed antibiotic activity. The extract was separated by column 
chromatography, and from the antibiotically active fractions was found a single UV 
active compound. This was given the trivial name of guanacastepene. NMR 
experiments showed that the seven membered ring was fluxional and gave rise to 
complex spectra, so the structure had to be detennined by X-ray crystallography. 
H __ /. 
~ o 
O_~ 
16 
Guanacastepene A. 
As can be seen from the structure it has a [9.3.0.03,8] skeleton; a"linear" 5-7-6; ring 
system, and has 5 chiral centres, two of which are quaternary carbons at the ring 
junctions. The other chiral centres include an isopropyl group, and a secondary 
alcohol bearing an acetate group. These, along with the ring junction quaternary 
centre, give three contiguous chiral centres. The remaining chiral centre being an 
allylic alcohol. Other functionalIty in the molecule includes an unsaturated ketone and 
an unsaturated aldehyde in hex-2,4-dien-I,6-dione relationship. Clardy discovered a 
number of related structures in 2001 ;65 the biosynthetic relationships have not yet 
been elucidated. All the new natural products obtained from the fungus CR115 
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contain the fused [9.3.0.03•8] ring system and the quaternary carbon ring junctions as a 
part of their structure. 
Guanacastepene has antibiotic activity against vancomycin resistant 
Enterococcus faecalis (VREF) and methicillin resistant Staphylococcus aureus 
(MRSA). In agar diffusion assays guanacastepene gave an 11 mm zone of inhibition 
against MRSA and a 9 mm zone of inhibition against VREF; both assays used 100 Ilg 
of guanacastepene. Unfortunately Guanacastepene has haemolytic activity, so it 
cannot be used clinically. It has generated interest as a lead candidate in antibacterial 
studies, and as such the NIH in America has given funding for synthetic studies. 
Guanacastepene has created considerable interest in synthetic groups mainly in 
America but also in India and France. 
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1.5 Synthetic approaches to Guanacastepene. 
1.5.1 Danishefsky: Knoevenagel cyc1ization approach. 
The Danishefsky group was the first to synthesize Guanacastepene: they began 
by synthesizing the hydroazulene portion.66 The synthesis started from 2-methyl 
cycIopentenone (270), this was transfonned to (271) using a method developed by 
Piers et al,67 which involves the copper-catalysed addition of isopropylmagnesium 
bromide with TMSCI to trap the enolate, a reaction that occurs in 94% yield. The 
product was coupled with the diiodide (274) using MeLi, in THF and HMPA, giving 
the cyclization precursor (273). The diiodide (274) was fonned by the iodination of 
the alcohol (272) with triphenyl phosphine and iodine in 92% yield. The vinyl iodide 
(273) was reductively cycIized with n-BuLi using an inverse addition to give the 
allylic alcohol (275), and oxidative rearrangement with PCC gave the hydroazulene 
(276) in a total yield of36% from (270) (Scheme 64). 
b- .. ~~_d __ ~ __ e __ cff 
OH 
(270) (271) (273) j f (275) 
[;t]-
O 
c I~I 
(272) (274) (276) 
(a) ,.PrMgBr. CuBr Me2S, Me3SICI, THF, HMPA (b) Et3N, Pentane, H20 (c) Ph3P, Imidazole, 12, DCM (d) 
Mell, THF O·C, {2741 HMPA ·78·C to rt {el n·Bull5 eqUlv mverse addition, THF, O·C (f) PCC, 
Scheme 64. 
The next stage in the synthesis was the fonnation of the C-8 quaternary centre.68 After 
some difficulties LHMDS and Eschenmoser's salt were utilised to fonn the exocyclic 
methylene compound (277) from the hydroazulene (276). To this was added the 
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cuprate derived from vinyl magnesium bromide, the conjugate addition product was 
trapped with TMSCl to give (278). Treatment with MeLi and Mer gave (279) and set 
the quaternary centre. This reaction gave only one diastereomer, this was not 
anticipated and is thought to arise through the allyl group assuming a 
pseudoequatorial position, and the methyl group assuming a pseudoaxial position. The 
ketone was then protected as an acetal giving (280); the alkene was then converted to 
a primary alcohol by hydroboration-oxidation to give (281) which was then oxidized 
to give (282) in a 23% yield from (275) (Scheme 65). 
a~ p c~ (276) b :7~ _ 
" 
(277) (278) Id (279) 
H OH ~ e 
(282) (281) (280) 
{aM lHMDS. THF, -78 ·C, Eschenmose(s salt, THF, ·78·C to rt (b) vlnyl·MgBr, Cui, HMPA, lMSCI, THF, 
-78·C (c) Mell, THF, O·C, HMPA, Mel, ·78·C to rt (d) (CH20H)2, p-lsOH, benzene reflux (e){I) 9·BBN, 
lHF, rt (II) NaOH, H20 2, rt (f) Dess-Martln perlodlnane, DCM, rt 
Scheme 65. 
From compound (282) the six membered ring,69 had next to be formed. The first step 
was to form a p-keto-ester (283) from the aldehyde (282); achieved by reacting (282) 
with ethyl diazoacetate and tin(II)chloride at room temperature. Attempted 
Knoevenagel cycIizations, after acetal deprotection with this precursor, gave a 
mixture of products, with the major product being an ester. This occurred through the 
enolate of (283) attacking the keto carbonyl in a retro-Claisen reaction to form a 
lactone, which was then ring-opened by ethoxide ion, giving an ester from a p-
ketoester. To overcome this, Danishefsky epoxidized the double bond in the five 
membered ring to give compound (284). Deprotonation Cl to the ketone would now 
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result in epoxide opening to give an alkoxide and an a,~ unsaturated ketone and not 
an enolate. When the Knoevenagel reaction is perfonned on (284) it gives the desired 
product (285) in a tandem ~-eliminationIKnoevenagel cyclization, in 56% yield from 
the aldehyde (285) (Scheme 66). 
OEt 
o 
(282) (283) 
(a) ethyl drazoacetate. SnCI2 DCM. rt (b) p-TsOH. water. acetone 70·C 
(c) m·CPBA. DCM. O·C (d) NaOEt. EtoH. 50·C 
Scheme 66. 
OEt 
o 
(284) 
(285) 
At this point two chiral centres had to be introduced, and the ester had to be converted 
into the aldehyde. The first step was the protection of the alcohol as the triethylsilyl 
ether (286). in 85% yield. The ketone and ester were reduced with DIBAL to give a 
mixture of epimers that were separated by column chromatography; the unnatural 
epimer was the major product in a 4:1 ratio. The major isomer was epimerized under 
Mitsunobu conditions to give the diol (287). The diol was then protected as an 
acetonide to give the keto-acetonide (288) (Scheme 67). 
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a b-d 
(285) (286) 
(a) EI3SIOTf, pyr , DC M, 0 DC (b) DIBAL, DCM, -78 DC 100 DC 
(c) Ph3P, benzoIc aCid, DIAD, THF, -78 DC 10 rt (d) DIBAL, DC M, -78 DC 10 0 DC 
(e) 2,2-dlmethoxypropane, PPTS, DCM, 0 DC (I) TBAF, THF 0 DC 
(9) Dess-Marlln penodlnane, DCM 
Scheme 67. 
OH 
(287) 
e-9 
(288) 
After a series of experiments using the unnatural epimer of compound (288) it 
was discovered that epoxidation occurred from the ~-face; not the expected result. 
Evidence for this epoxidation came from experiments using an acyl-epoxide 
derivative (289), derived from the unnatural epimer of (288), which was then treated 
with acetic anhydride under differing experimental conditions: one was heating at 150 
DC in pyridine with DMAP; the second was to use p-toluenesulfonic acid with DMAP 
and pyridine in nitromethane. The result of this experiment was that the use of the 
acidic method gave only one isomer, the product (291), but the thermal method gave a 
1:1 mixture of isomers (291) and (292). The two products gave differing coupling 
constants; compound (291) gave a coupling constant of 6.7 Hz, indicating that 13-H 
and 12-H are cis to each other. The other isomer (292) gives a coupling constant of 
12.8 Hz, indicating that the 13-H and 12-H protons are frans to each other (Scheme 
68). From the result that acidic conditions gave isomer (291), it was concluded by 
Danishefsky70 that epoxidation occurred from the ~ face, as acidic conditions would 
favour pathway 1, resulting in retention of stereochemistry. 
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b 
(289) (291) (292) 
J6 7 Hz J 128Hz 
a 
J67Hz (291) pathway 1 pathway 2 
(a) p-TsOH, MeN02, AC20, pyndme, DMAP 
(b) 150 QC, A~O, pyndme, DMAP 
Scheme 68. 
As a consequence a Rubottom type procedure71 was used to add the C-13 
alcohol. Compound (288) was converted to a silyl enol ether, which was epoxidlzed 
with DMDO and then treated with dimethyl sulfide giving the acyloin, which was 
formed through a f3 epoxide intermediate. 
a,b 
(288) 
(a) E!3SIOTf, Et3N, DCM (b) DMDO, acetone, DCM, Me2S, _78°C 
(c) AC20, pyr, DMAP, DCM 
(d) PPTS, MeOH, 70°C (e) PhJ{OAc12, TEMPO, DCM 
Scheme 69. 
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c 
(292) d,e 
(293) 
The alcohol was then acetylated with acetic anhydride to give compound 
(292). The last steps were the cleavage of the acetonide and oxidation of the primary 
alcohol with TEMPO giving racemic guanacastepene A. The final conversions from 
the alcohol (285) to the final product (293) went in 38% overall yield (Scheme 69). 
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1.5.2 Snider: Stork-Jung vinylsilane Robinson anne1ation approach. 
Like the Danishefsky method, Snider's method also involves the formation of 
a hydroazulene unit.72 It uses a Stork-Jung vinylsilane Robinson annelation reaction to 
form a six membered ring. This is in essence very similar to the Knoevenagel reaction 
used by Danishefsky to form the six membered ring, but unhke Danishefsky's 
synthesis, the six and seven membered rings are not fused and their approach is at a 
model study stage. It does however demonstrate the validity of the methodology. 
The synthesis of the hydroazulene starts from 5-iodopent-I-ene (294), a 
lithium halogen exchange with t-BuLi is performed and to this is added to 
2-isopropylacrolein to give (295). This is then reacted with diketene and DMAP to 
give the acetoacetate (296). Addition of LDA gave a Carroll-Claisen rearrangement 
forming a 13-keto ester, which was decarboxylated by heating at 80 ·C in toluene to 
give (297) in 59% yield from (294) (Scheme 69). 
I~ + 
(294) 
~CHO _=--'_ 
>Pr 
(295) 
b 
(.) t-BuLl, Et,O, -78·C (b) Dlketene, DMAP, -15·C (c) LOA, THF, -78 ·C to reflux 
(d) Toluene, 80·C 
Scheme 69. 
o 0 
~o 
~ 
I 
(296) 
c,d 
~ 
(297) 
Cyclization using ethyl aluminium dichloride in DCM was then performed, to 
give the cycIopentanone (298), with the required relative stereochemistry at the 
quaternary methyl and at the isopropyl centre, this was then converted into the enol 
triflate (299), A palladium catalysed coupling reaction of (299) with vinyl magnesium 
i 
bromide gave (300) which was treated with Grubb's catalyst. The olefin metathesis 
reaction providing the desired hydroazulene skeleton. Oxygenation was performed by 
epoxidation of the hydroazulene giving only one steroisomer, (302) as determined by 
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NMR spectroscopy. The epoxide was opened by treatment with palladium to give the 
1t-a1lyl cation, which was trapped by acetate giving compound (303). Compound 
(303) was then pivaloyl protected, acetate deprotected and oxidized to give (304) in a 
16% yield from (297) (Scheme 70). 
0 0 OTt 
r ~ a r b ~~ C 
(297) (298) (299) I d (300) 
PIVQ HQ 
-f00 
g, h, I -fOoAC f ~ e -f0 
(304) (303) (302) (301) 
(a) EtAlCI2, DCM, ooc to rt (b)Tf02, DCM, proton sponge, _78°C (c) vmyl magnesium bromide, Pd2(OAc12, 
TFP, THF (d) Grubb's catalyst, DCM, rt (e) m-CPBA, DCM, OoC (I) Pd2dba3, dppb, AcOH (g) PlvCI, DeM, 
Pyr, DMAP (h) K2C03, NaHC03, MeOH. (I) Dess-Martm, DCM 
Scheme 70. 
Having generated the hydroazulene portion, attention was tumed to the to the 
cyclohexene portion of guanacastepene,73 starting with the formation of the vinyl 
iodide (307), which was formed from the propargylic alcohol (305); cuprate addition 
gave the vinyl silane (306), which was then converted into the iodide (307) through a 
mesylate (Scheme 71). 
a b, c 
(305) 
(a) PhMe2SILI, cuCN, THF (b) MsCI, Et3N, OoC (c) Nal, acetone, 45°C 
Scheme 71. 
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Cycloheptenone (308) was converted into a lithiwn enolate, which was reacted with 
methyl iodide, and the product deprotonated and reacted with the iodide (307) to give 
compound (309), forming the quaternary methyl chiral centre. Compound (309) was 
converted into the ~-hydroxy ketone by cleavage of the epoxide with pyridine-HF, 
followed by deprotection of the THP group with p-toluene sulfonic acid to give the ~­
hydroxy ketone (310). Ring closure to give the cyclohexenone was performed with 
sodiwn methoxide in a benzene-methanol solvent mixture giving (311) in a 17% yield 
from cycloheptenone (308) (Scheme 72). 
OTHP 
as cB uS'"'' o 0 0 0 a,b c7 0 I c,d,e c7 f c7 -7' ~~-:. ~~~ .. ~ .. 
(308) (309) (310) (311) 
(a) LOA, OMPU, Mel (b) LOA, OMPU, (307) (c) m·CPBA (d) pyr (HF)~ (e) TsOH, MeOH, DCM (f) NaOMe, 
benzene/methanol, OCM, 25°C 
Scheme 72. 
Snider has completed a formal synthesis of guanacastepene, and has intercepted 
Danishefsky's intermediate (288) in a 4% total yield. l27 (This was published after the 
submission of this manuscript). 
The two partial syntheses were combined allowing them to complete the 
synthesis as the cycloheptenone (308) and the hydroazulene (304) undergo the same 
reactions, allowing the methodology depicted in scheme 71 to be extended to the 
hydoazulene (304). 
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1.5.3 Mehta: ring closing metathesis and reductive cyclization 
approach. 
Like both Danishefsky and Snider, Mehta chose to start with the hydroazulene 
portion of guanacastepene. The synthesis began from endo-tricyclo[5.2.1.02•6]deca-
3,8-dien-5-one,'4 (312), an easily obtainable starting material. A conjugate addition of 
the cuprate derived from isopropyl magnesium bromide gave (313), and sequential 
alkylation at the a-position with allyl bromide and methyl iodide gave (314) as a 
single diastereomer.75 A retro Diels-Alder reaction by flash vacuum pyrolysis gave 
the cyclopentanone (315), with the correct stereochemistry at the isopropyl group, and 
the ring junction centres, in 38% yield from the dione (312) (Scheme 73). 
l' ~' 
0 
b.c d &;-~ 
) 
(312) (313) (314) (315) 
(a) t-PrMgI. Cui. Et20. 0 DC (b) lOA. Allyl bromide. HMPA. THF (c) NaH. Mel. THF (d) Flash vacuum 
pyrolYSIS 500 DC 
Scheme 73. 
The cyclopentanone was treated with 4-bromobut-l-ene under Barbier conditions 
using lithium metal to give compound (316) as a mixture of diastereomers; PCC 
mediated oxidative rearrangement gave the cyclopentenone (317). The ketone was 
then reduced under Luche conditions to give a mixture of allylic alcohols, (318) and 
(319); the required ~-alcohol (319) made up only 15% of the product. The isolation of 
the ~-alcohol allowed a directed epoxidation to be perfonned with m-CPBA to give 
the epoxide with the required stereochemistry (320). The alcohol was then protected 
as an acetate. Ring closing metathesis with Grubb's catalyst gave the hydroazulene 
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(321), this has the correct relative stereochemistry at the quaternary centre at the six-
seven ring junction, at the acetate, and at the isopropyl position. The hydroazulene is 
then hydrogenated and the epoxide is opened with TMSOTf, which, after removal of 
TMS, gave the allylic oxygen (322). Oxidation gives the hydroazulene portion of 
guanacastepene with all the correct functionality in the correct stereochemistry76 (323) 
in a 3.6% yield from (315) (Scheme 74). 
OH 
-fC: b ~ H~ a (315) - -.•.• ~ 
(316) (~::: ~ ····::8) 
+ 
~ 0 ~A~ d.e H~ •..•  ....  
(321) j (320) (319) g,h 
OH 0 
~ ~~ 
(322) (323) 
(a) LI. 4-bromo-but-1-ene, so",cabon (b) PCC. DCM (c) NaBH., CeCI3, MeOH (d) m-CPBA, DCM, 0-15 DC (e) 
Ac,O. DMAP, DCM. ODC to rt (I) Grubb's catalyst, benzene (g) H2 10% Pd/C, EtOAc (h){I) TMSOTf, DMAP, 
Pyr, rt. (II) 5% HCI, THF, 0 DC (I) Mn02, DCM, rt. 
Scheme 74. 
As with the approach of the Snider group, emphasis was then switched to the 
synthesis of the cyclohexene portion of guanacastepene.75 Cycloheptanone (324), was 
deprotonated and alkylated with methyl iodide and TIPS protected 5-iodo-l-pentyne. 
The TIPS group was removed with TBAF to give the terminal acetylene (325). 
Reductive cyclization with sodium naphthalenide gave ring closure in a total yield of 
only 30%, and of this only 60% of the cyclized product was the desired diastereomer 
(327) (Scheme 75). 
80 
H 
cd ~ 46 ~ 0 0 a,b,c d + 
(324) (325) (326) (327) I 
(a) LDA, HMPA, -78°C, Mel, _78°C 10 rt e, f 
(b) KH, I(CH2hCCTIPS, 0 °c 10 rt &Ok (c) TBAF, THF, rt ar (d) Naplhalene, Na, THF, rt 9 (e) Se02, t-BuOOH, salicylic aCid, DCM, rt (t) AC20, DMAP, DCM, 0 °c 10 rt 
(g) PCC, DCM, 0 °c 10 rt (329) (328) 
Scheme 75. 
Allylic oxidation with selenium dioxide and tert-butylhydroperoxide gave the allylic 
alcohol in another low yield of 40%. The alcohol was then protected as an acetate to 
give (328), the allylic alcohol was oxidatively rearranged by treatment with PCC to 
give the conjugated aldehyde (329) which possesses the correct stereochemistry in the 
cyc10hexene portion of guanacastepene. Compound (329) was obtained in 2.1 % yield 
from cyc1oheptone (324). 
The Mehta synthesis of guanacastepene suffers in the hydroazulene synthesis 
from a reaction that preferentially gives the a-alcohol when a f3-alcohol (319) is 
required, which drastically lowers the yield of the reaction. Also, in the 
bicyc10[5.4.0]undec-l,(1l)-ene portion, the reductive cyc1isation only gives a 30% 
yield in total, and of this only 60% of the cyclized product is the required isomer. 
These low yields make the synthesis less efficient than those described earlier. 
Since the submission of this manusript Mehta has completed a synthesis of 
epi-guanacastepene A.128 Due to regiochemistry problems with alkylation the strategy 
for C-ring formation was changed; alkylation with Mander's reagent, Grignard 
addition to the ketone, and a Wacker oxidation followed by an aldol cyc1ization of the 
hydrate allowed the formation of epi-guanacastepene. 
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1.5.4 Sorensen: [2+2] photocyclization-radical ring fragmentation 
approach. 
The synthesis by Sorensen uses an alternative approach to those outlined 
above. Sorensen starts from a cyclohexanone and couples this to a cyclohexene 
fragment. This is followed by a [2+2] photocyclization and a radical ring 
fragmentation to give the seven membered ring.77 The synthesis starts from 3-
methylcyclopentenone (330), which was iodinated to give 2-iodo-3-
methy1cyclopentenone (331), and then reacted with hexamethylditin under palladium 
catalysis to give the stannane (332) in a yield of 57% from the cyclopentanone (330) 
(Scheme 76). 
a ~' b o CzsnMea 
(330) (331) (332) 
(a) 12,pyndme, DCM, OoC to rt (b) MeaSnSnMea, Pd(PPha)4, benzene, 80°C 
Scheme 76. 
The cyclohexenone (333) was converted into the TMS ether (334); a Diels-Alder 
reaction with DMAD, followed by hydrolysis of the TMS group, gave the bicyclic 
ketone (335). Baeyer-Villiger oxidation gave the lactone (336) regiospecifically; acid 
catalysed methanolysis followed by PMB protection gave (337). Lithium aluminium 
hydride was then used to reduce all three esters to a1cohols, protection with 
anisaldehyde dimethyl acetal then gave the acetal (338) as a mixture of diastereomers. 
The alkene was formed by the reaction of the nitrophenylselenide derived from the 
alcohol with hydrogen peroxide to induce syn-elimination giving (339). The 
benzylidene acetal was removed by methanolysis; oxidation with DDQ then gave 
(340). Acetate formation gave (341), the cyclohexene portion guanacastepene in a 
32% yield from (333) (Scheme 77). 
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DCM, rt (d) CSA. MeOH, reflux (e) p-Melhoxybenzyl Inchloroacellmldate, CSA, DCM rt (t) lIAIH4, E120, OoC 10 
rt (9) Anlsaldehyde dlmelhyl acelal, PPTS, DCM, rt (h)(I) o-Nllrophenylselenocyanale, n-BU3P, THF, OoC to rl 
(11) 30% aq H20 2, I-I'r2EtN, OoC 10 45°C (I) PPTS, MeOH, rt Ol DDC, DCM, rt (k) Ac,O, DMAP, pyr , rt 
Scheme 77. 
The coupling of the two fragments the stannane (332), and the allylic acetate(341) 
used a StiIIe coupling, to give (343), which was followed by irradiation to give a 
[2+2] photocycIoaddition, forming the cycIobutane (343), Opening of the cycIobutane 
(343) with samarium(II) iodide, causes the cyclobutene bond that is exo-cyclic to the 
cyclohexanone to break, to give the cycIoheptane ring, The reaction proceeds through 
a Sm(II) enolate and was trapped with phenylselenyl bromide to give the selenide 
(344), Oxidation followed by elimination gave the desired dienone (345), Cleavage of 
the benzylidene acetal with acid gave a mixture of products (346) and (347) in 49% 
and 45% yield respectively. Acid or silica gel induced (346) to isomerize to (347), 
The formation of the two products (346) and (347) is in a 12% and 11% yield 
respectively from the cyc1ization precursor (342) (Scheme 78), 
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Scheme 78. 
Sorenson has completed the ring structure of guanacastepene; the approach lacks the 
chiral centres on the cycIopentanone ring and the exo-aldehye on the cycIohexene 
ring. The Sorenson group is attempting to remedy this by using fully functionalised 
cycIopentanones in their synthesis.77 
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1.5.5 Lee: aldol cyc1ization approach. 
As with the Sorensen approach; Lee does not start by forming the 
hydroazulene portion, but unlike the others he does not start from a cyc1opentanone 
but starts from (IS)-verbenone, as it is cheaper than the (IR) isomer, and a 
combination of radical cyc1ization and aldol cyc1ization generates the ring structure.78 
From (IS)-verbenone (348) a copper-catalysed conjugate addition of the 
Grignard reagent derived from (S)-citronellyl bromide (349) gives compound (350). 
Reduction with lithium aluminium hydride, followed by protection of the alcohol as 
the siIyl ether, gives the alkene (351). The alkene was converted into an aldehyde by 
ozonolysis followed by a reductive work up. To this was added ethyl magnesium 
bromide, and the alcohol so formed was oxidized to the ketone by Dess-Martin 
periodinane giving the ketone (352). The cyclopentene was formed by reacting the 
ketone with Iithium(trimethylsiIyl)diazo-methane (353); carbene insertion gives the 
cyc10pentene ring (354). The above transformations proceed in 21 % overall yield 
from (1S)-verbenone (348) (Scheme 79). 
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(353) 
(a) Cui, EI20 (b)(l) liAIH4' THF, _78°C (11) TBDMSCI, ImIdazole, DMF, rt (c) °3, DCM, Me2S, _78°C 
(d) EtMgBr, EI20 (e) Dess-Martln penodlnane (I) (353), n-BuLI, THF, -78 DC 
Scheme 79, 
85 
The new cyclopentene double bond was next cleaved by ozonolysis, and the 
dicarbonyl so fonned was treated with potassium hydroxide in methanol to give the 
cyclohexenone (355). The TBDMS group was removed using p-toluenesulfonic acid 
in methanol; the alcohol was then converted to the xanthate using carbon disulfide 
and methyl iodide to give (356). Radical cleavage of the bridged dimetbylmethano-
brige with tributyltin hydride gave the required isopropyl group (357). This was 
followed by cleavage of the cyclohexene double bond by using a two step procedure 
of dihydroxylation with catalytic osmium tetroxide and NMO, followed by cleavage 
of the els-diol using sodium periodate to give the dialdehyde (358) (Scheme 80). 
OTBDMS 
(354) a,b '" c, d '" 
(355) 
e 
(356) 
f,9 
(358) (357) 
(a) 0 3, DC M, Me2S, -78°C (b) KOH, MeOH (c) p-TSA, MeOH, 25°C (d) NaH, CS2, THF, HMPA, 
Mel, 70°C (e) BU3SnH, AIBN, toluene, 110°C (t) OS04, NMO, THF. (9) Water, Nal04 
Scheme 80. 
Aldol ring closure followed to generate a new cyclopentene ring, to give a 5: I ratio in 
favour of the required aldol product (359) over the isomeric aldol product (360). 
Monitoring of the reaction in the early stages showed that the regioisomeric aldol 
addition product fonned faster, but that the required product underwent elimination of 
water faster, favouring the fonnation of the required isomer. The final ring closure to 
fonn the cycloheptane used samarium(II) iodide in a reductive cyclization to give the 
fused ring system (361) in a 10% overall yield from compound (358) (Scheme 81). 
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Scheme 81. 
In the course of the radical cyclization, one of the unsaturations needed in the final 
product is lost. Compound (361) is formed as two diastereomers, but the Lee group 
report that the relative stereochemistry at the newly formed chiral centres is uncertain 
and could not be determined by NOESY experiments. 
The absolute stereochemistry of the quaternary chiral centre at the C-8 ring 
junction could be changed by the use of (R)-citronellyl bromide, which would give the 
required isomer at the carbene insertion step. 
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1.5.6 Hanna: tandem ring closing metathesis approach. 
Hanna chose to make guanacastepene by a tandem ring closing metathesis 
(RCM) using Grubb's second-generation catalyst.79 The synthesis started from 3-
isopropyl-2-methylcyc1opentanone (362), this was deprotonated with sodium 
methoxide; the enolate so formed was reacted with acrylonitrile to give (363) (these 
reactions are analogous to those in Scheme 64), forming the two stereocentres at the 
quaternary and isopropyl centre. The ketone was then converted into the triflate, 
which was coupled with vinyltributyltin under palladium catalysis to give compound 
(364); this reaction is analogous to that shown in scheme 69 except that a tin reagent 
is used. To this was added the Grignard reagent derived from 4-bromo-2-methylpent-
2-ene, which reacted with the nitrile to give the ketone (365) in 23% yield from the 
cyc1opentone (362) (Scheme 82). 
0 ~~, ~ a ~"""-CN b.c d 
(362) (363) (364) (365) 
(a) acrylOnitrile. MeONa. Et20. rt (b) Tl02• DBMP. DCM. O·C to rl (c) Pd(PPh3)4, LICI, vlnyltnbutyl tin, THF, 
reflux (d) (CH3)2CCHCH2CH2MgBr, Et20, reflux, H30· 
Scheme 82. 
Once the Hanna group had proved the feasibility of the RCM approach by using 
simpler systems, they added lithium methyl propynoate in THF to (365), to give a I: I 
mixture of diastereoisomeric alcohols. These were then protected as triethyl sHyl 
ethers (366). The key reaction then takes place with the second-generation Grubb's 
catalyst, in a quantity of 10 mol% in DCM under reflux. This gave the fused ring 
system (367) in 93% yield. Selective epoxidation of the cyc10pentene gave (368), the 
two diastereoisomers of which were separated by column chromatography. The facial 
stereoselectivity in the epoxidation of the most electron-rich double bond is due to the 
methyl group at C-ll blocking one face of the alkene. From compound (368), 
reductive ring opening of the epoxide was attempted with sodium borohydride, which 
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gave a complex mixture, but when this was replaced with Luche reagent an 
unexpected process occurred; the epoxide opened and a methoxy group was added to 
the y-position. The authors took advantage of this discovery by adding methanol and 
CeCh to (368); ring opening occurred and methanol was added in a conjugate 
addition reaction giving (369). This was then oxidized with Dess-Martin periodinane 
to give (370), in an overall yield of 29% from (357) (Scheme 83). 
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(370) (369) (368) 
(a) Me02C-CC-Li, THF, HMPA, -70 DC (b) Et3SIOTf, 2,6-lulldlne, DCM, 0 DC to rt (c) Grubb's catalyst, 
DC M, reflux (d) m-CPBA, DCM, Na2C03, 0 DC (e) CeCI3 7 H20, MeOH, rt (I) Dess-Martln penodlnane, 
DC M, pyr, rt 
Scheme 83. 
The Hanna synthesis of the core ring system of guanacastepene suffers from 
the disadvantage that a quaternary methyl group is missing. This group would have to 
be added before the tandem RCM reaction takes place. The Hanna group state that 
they are endeavouring to build the remaining quaternary C-8 centre to their synthesis, 
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2.1 Results and Discussion. 
2.1.1 Approaches to phorbol. 
The original approach to phorbol that was used was based on the intramolecular 
Diels-Alder reaction as used by Page. 56 The main difference in our approach was that the 
cyclopentenone would synthesized by a Pauson-Khand reaction80 instead of being 
purchased as a starting material. This would give the double bond between the C-l and C-3 
carbon atoms when the component norbomadiene adduct (372) was removed by a retro-
Diels-Alder reaction. The retrosynthesis from a simplified analogue (371) is set out below 
(Scheme 84). 
o Et02C C02Et tn--' > 
M:DOlIPS 
(371) (372) 
(375) (374) 
Scheme 84. 
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(373) 
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OllPS 
ACO~ 
(239) 
As can be seen in the retrosynthesis the key reaction is the Diels-Alder reaction of (373), 
which uses the diene portion (239) as used in earlier Page syntheses58,59 (Scheme 55). This 
could be coupled to the Pauson-Khand product (374), which could be obtained from the 
complex (375). 
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2.1.2 Background to the Pauson-Khand reaction. 
The Pauson-Khand reaction is a fonnal [2+2+1] cycloaddition between an alkyne, 
an alkene and carbon monoxide. It was discovered in 1973 when Pauson was perfonning 
experiments on alkynes complexed with dicobalt octacarbonyl. 80 The complexes are 
bimetallic cluster compounds that possess six carbon monoxide ligands and can be thought 
of as expanded, distorted tetrahedra (376), much like adamantyl structures. The carbon-
carbon bond and the cobalt-cobalt bond are perpendicular to each other, and a line drawn 
between the centres of the two bonds is orthogonal to both bonds. The 1C bonds in the 
alkyne become bridging (Il) bonds in the complex and the alkyne acts as a 41t bridging 
donor ligand. The complexes had previously found use mainly in the role of protecting 
groups for alkynes during reduction reactions.81 
The reaction mechanism (Scheme 85) has not been proven but is inferred from 
experimental results, based on the position of alkyne and alkene substituents in the 
product. 
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Scheme 85. 
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The first step in the reaction mechanism is the dissociation of a carbon monoxide ligand. 
This step is thought to be rate limiting and was originally performed by heating the 
complex. To this empty site an alkene ligand can complex (377). The alkene then inserts 
into the least hindered cobalt-carbon bond (378). Experimentally it is observed that the 
bulkier substituent on a complexed alkyne is found Cl to the carbonyl in the cyclopentenone 
product, and insertion into the least hindered bond fits with this observation. The next step 
is the insertion of carbon monoxide (379), which is followed by reductive elimination and 
then by decomplexation to give the cyciopentenone. 
As mentioned above, the dissociation of a carbon monoxide ligand is the rate 
limiting, reversible step and can be perfonned thennally. Modified reaction conditions 
have been developed, that can make the loss of a carbon monoxide ligand irreversible by 
its' oxidation to carbon dioxide. The most commonly used activators are amine N-oxides; 
the first use of an amine N-oxide as an activator appeared in 1990 when Schreiber used the 
reagent N-methylmorpholine-N-oxide (NMO) in his synthesis of an (+)-epoxydictymene 
precursor (380) (Scheme 86).82 
o 
NMO, DCM 
rt 
(380) 
Scheme 86. 
Jeong perfonned a series of experiments on enynes using the oxidants triethylamine-N-
oxide, ceric ammonium nitrate and N-methylmorpholine-N-oxide.83 Triethylamine-N-oxide 
was discovered to be the most effective (Scheme 87). 
CO2(CO)6 
Et02C -1= Et02C~ 
(381) 
Activators 
Scheme 87. 
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2.2 Synthesis of phorbol derivatives. 
2.2.1 Attempted formation of cyclopentenone intramolecular Diels-Alder 
substrates 
As can be seen from the retrosynthesis, (Scheme 84) diethyl 2-(prop-2-
ynyl)propanedioate dicobalt octacarbonyl (375) was required. This was performed using 
two suitably functionalized propargyl starting materials, and both were reacted with diethyl 
malonate in an SN2 substitution. 
The first reaction used propargyl alcohol, which was tosylated to activate it towards 
substitution. The method used for the preparation of the tosylate was that used by Aidhen 
and Braslau.84 Prop-2-yn-l-ol was reacted with 4-toluene sulfonyl chloride in dry diethyl 
ether, using potassium hydroxide as the base; this gave the tosylate (384) in a 55% yield as 
stable yellow oil (Scheme 88). 
~ OH + 'i?-o-CI-~ ~ !J 
o 
KOH 
Dlethyl Ether 
(384) 
55% 
Scheme 88. 
The tosylate (384) was then reacted WIth diethyl malonate. The reaction was performed in 
dry diethyl ether, with diethyl malonate being deprotonated with sodium hydride to which 
the tosylate was then added. Unfortunately the reaction gave a mixture that could not be 
purified by column chromatography. However, signals in the IH NMR spectrum of the 
crude reaction mixture corresponded to that of the product (385).85 The signal at 2.78 ppm, 
a double-doublet, corresponded to the CH2 next to the malonate and the signal at 3.78 
ppm, corresponded to the CH on the malonate, a triplet. These were indicators that the 
product had formed. These signals do not exist in the starting materials nor in the di-
alkylated side product (Scheme 89). 
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Scheme 89. 
As this reaction gave a mixture a similar reaction was tried in an attempt to get better 
yields of product in the reaction mixture. The method used was that developed by 
Fedorynski.86 This used propargyl bromide instead of prop-2-yn-I-ol 4-methylbenzene 
sulfonate and used potassium carbonate as the base. No solvent was used and 
tetrabutylammonium bromide was used as a phase transfer catalyst. The results were the 
same as in the previous reaction, an inseparable mixture of diethyl malonate and mono-
and di-alkylated products (Scheme 90). 
TBAB 
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The next step was to fonn a complex between the alkyne and dicobalt 
octacarbonyl. 87 This was perfonned in DCM at room temperature, by simply adding 
dicobalt octacarbonyl to a solution of the mono- and di-alkylated malonate mixture. This 
gave a red oil after removal of solvents, which was easily purified by chromatography on 
silica gel to give the complex. These complexes exist as shown in the Scheme; the 
bimetallic cobalt core is perpendicular to the carbon-carbon bond in a tetrahedral 
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arrangement. The dialkylated impurity and excess malonate were easily removed (Scheme 
91). 
o 0 /'r o 0 'y DCM 
(385) (375) 24% two steps 
Scheme 91. 
The complex (375) was decomplexed with ceric ammonium nitrate to give (385) as 
a pure compound in 78% yield, proving that (375) is formed from (385) and allowing (385) 
to be characterized. 
The next step was a cyclopentannelation using the Pauson-Khand reaction (as 
described above). The first two attempts used the thermal methodology. This involved 
heating the complex (375) in toluene with a twenty-fold excess of bicyclo[2.2.1]hepta-2,5-
diene, the first reaction was heated under reflux for eight hours and gave the product, 
although only in 3% yield. The second reaction was heated under reflux for 3 days under 
the same conditions and gave a yield 14%. Faced with these rather low yields, several 
activators were tried. The first experiment involving activators used N-methylmorpholine-
N-oxide at room temperature; this reaction gave a 53% yield of compound (374) over a 
reduced reaction time of thirty-five minutes. The end of the reaction can be determined by 
the loss of the red colour from the reaction mixture as determined by TLC. Triethylamine-
N-oxide was used at 0 cC, but this gave a yield of 14% and was no better than the thermal 
method (Scheme 92). 
Conditions 
(374) 
Scheme 92. 
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In an attempt to reduce the number of steps, the Pauson-Khand reaction using molybdenum 
hexacarbonyl and DMSO as an activator in toluene was tried.8s This used the 
noncomplexed malonate derivative (385) and bicyclo[2.2.1]hepta-2,5-diene; it resulted in 
no product formation. 
After forming (374) we decided not to use cuprate chemistry to introduce the 
dieneophile portion of the Diels-Alder precursor, but to include this portion in the Pauson-
Khand precursor. A series of experiments was performed using simplified commercial 
substrates. But-2-yn-I-al diethyl acetal (386), was treated with dicobalt octacarbonyl under 
a nitrogen atmosphere in DCM and stirred for four hours. After this a catalytic amount of 
paratoluene sulfonic acid and a stoichiometric amount of water was added. The reaction 
proceeded in 89% yield giving but-2-yn-I-al dicobalt hexacarbonyl (387) (Scheme 93). 
p-TSA 
----=;=--'<t 
cJCO)sH 
DC M, wate~ 89% 
(386) (387) 
Scheme 93. 
The aldehyde (387) was then reacted with bicyclo[2.2.1]hepta-2,5-diene and NMO in 
DCM, which gave the product in a 35% yield. The reaction was also performed thermally, 
but this gave no product. The cyclopentenone product (388) has the electron-withdrawing 
group ~ to the carbonyl in the cyclopentanone, regiochemistry that corresponds to the 
literature precedent as reported by Krafft.89 (Scheme 94). 
NMO 
+ DCM 
(387) 
Scheme 94. 
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The enyne complex was synthesized by reacting the complex (387) with the Wittig reagent 
(389) derived from (carbomethoxymethyl) triphenylphosphonium bromide. This gave the 
enyne, (E)-methyl hex-2-en-4-ynoate dicobalt hexacarbonyl (390), with coupling constants 
of 15 Hz and a yield of 69%. The product was unstable to both heat and oxygen and left a 
brown residue in flasks and vials. The complex needs to be handled carefully (Scheme 95). 
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The enyne complex (390) was then reacted under thermal Pauson-Khand conditions, 
heating under reflux in toluene, which gave the product (391) in trace amounts. NMO 
activation was then used, as this was the best method in the previous experiments, and 
gave the cyc\opentenone, but again in trace amounts. Reference to the literature idicated 
that Krafft88 had used a thermal approach, but at a temperature of 70 DC. When we used 
these conditions the Pauson-Khand reaction worked, and gave a yield of 35% (Scheme 96) . 
..... 0 o 
700C 
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(390) (391) 35% 
Scheme 96. 
The above reaction however proved to be capricious, and repeating the reaction to gain 
reasonable yields proved difficult. The synthesis of (391) was achieved by performing the 
PKR first to make (388) and then using the Wittig reaction to make (391), as both of these 
reactions were reliable. It also meant that the unstable enyne complex did not need to be 
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made, and the capricious PKR reaction of this enyne (390) also did not have to be 
performed (Scheme 97). 
0 0, 
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Scheme 97. 
Once the dienophile portion had been successfully made, the aim was to make a 
cyclopentenone that contained the features of both (374) and (391), which meant that a 
new alkyne that possessed the malonate and the unsaturated ester unit would have to be 
synthesized. This synthesis started from propargyl alcohol; the first step was activation 
with methane sulfonyl chloride using a method developed by Tanabe, which uses a 
catalytic amount of triethylamine, and potassium carbonate as co_base.9o This could be 
performed on a large scale and required no more purification than an aqueous extraction to 
give (392) the mesylate in a 63% yield as yellow oil. This was then diethoxymethylenated 
using triethylorthoformate and ZnI2 to give (393).91 The method was an extension of the 
methodology of Howk and Sauer, developed in 1963;92 The method uses Dean and Stark 
apparatus and involves the removal of ethanol from the reaction mixture. The reaction is 
extremely sensitive and decomposes violently if the reaction is forced to completion, as 
measured by the volume of ethanol that is distilled out of the reaction as a by product, 
attempts at getting high yields usually resulting in decomposition. Purification is 
straightforward but the product is very unstable and does not survive for more than two 
days in a sealed tube at room temperature, so that storage under nitrogen at -18 DC is 
necessary. In our hands the reaction gave a fairly low yield of 47%, but the literature 
value91 is 49%, and our yield therefore probably cannot be improved upon (Scheme 98). 
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The acetal fonnation gave the aldehyde functionality in a protected fonn. The next step 
was to add a malonate as a nucieophile by displacing the mesylate. Treatment with diethyl 
malonate in THF using sodium hydride as the base gave no reaction and starting materials 
were recovered, although the mesylate (393) was recovered in low yields (Scheme 99). 
THF 
+ No reaction NaH,rt 
(393) 
Scheme 99. 
The lack of reaction was a surprise; WOOS3 used triethylmethane tricarboxylate (394) as a 
blocked malonate, and used the unusual solvent mixture of toluene and DMSO. When we 
perfonned this reaction with (393) using sodium hydride as the base it gave the product 
(395) in a 14% yield, but when perfonned in THF the reaction gave a tar. The reaction was 
repeated to gain better yields but 14% was the best yield obtained. The next step to gain the 
required product was the removal of one of the ethyl esters. This used the method 
developed by Rappoport,93 where the tricarboxylate was added to a solution of sodium 
ethoxide in ethanol, when attempted, this resulted in decomposition (Scheme 100). 
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The low yields for the substitution to give the tricarboxylate and then the decomposition of 
the tricarboxylate (395) possibly through deprotonation leading to cumulene type products 
through elimination, were disappointing. This lead to a change in approach, in which the 
starting material was changed to but-2-yne-I,4-diol (396), which was mono-protected with 
TBDMSCl. Various methods were tried, and the yields were optimised by following the 
method developed by Chaudhary and Hernandez using DMAP, triethylamine, THF and 
TBDMSCl.94 When three equivalents of the diol (396) were used this method gave a yield 
of 93% of the mono-protected diol (397).95 The second-best method, using n-BuLi at 
-78°C, only gave a yield of 68% (Scheme 10 I). 
HO,'--== ____ , 
(396) OH 
+ TBDMSCI 
THF H,\ 
'---"=:-''o-s!+ 93% (397) I DMAP, Et3N 
Scheme 101. 
Once the mono-protection had been performed, the dienophile unit was installed; this 
involved a Swern oxidation96 and Wittig 0lefination97 in a one-pot procedure. The ylide 
used was the same as used previously (389), giving the E-enyne (398)98 in a 55% yield as 
clear oil. A tiny amount of the Z-isomer was formed, but was lost upon chromatography 
after showing up in the crude NMR spectrum. Deprotection of the enyne with TBAF to 
give the alcohol was then attempted. This did not work and multiple products were formed, 
possibly due to reactions between the ester and the alcohol on different molecules forming 
polyester oligomers (Scheme 102). 
100 
(397) 
-+ 1 8,-0 I \ \~O-
(398) 0 
1) DM80, C202CI2 
Et3N, -78 QC 
2) (381), THF 
THF 
TBAF 
Scheme 102, 
-+ 1 8,-0 I \ \ t-
55% 
(398) 0 
Multiple products 
The synthesis of the cyc1opentenone coupling precursor was proving problematical and 
was not carried forward, A new approach, still based upon Diels-Alder methodology was 
used based upon a reference by Iwasawa.99 
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2.2.2 Intramolecular Diels-Alder reactions using complexed alkyne 
substrates. 
The methodology to fonn the seven- and six-membered rings was modified 
according to a publication by Iwasawa99 who used furan as the diene, and gave an alkyne 
complex in the seven-membered ring (Scheme 103). 
o 
~ 1) Co2(CO)s. toluene 2) Slhca gel 
(399) (400) 
Scheme 103. 
In the method by Iwasawa, the alkyne (399) was treated with dicobalt octacarbonyl, and 
this causes a confonnational change. The alkyne bond, which has a linear geometry, 
changes to an angle of approximately 1400 in the complex, and it is this, which allows the 
diene and dienophile to interact. The original approach to the cyclization; heating to 100 
°C and gave a complex mixture of products. Adsorption of (399a) on silica gel gave an 
equilibrium mixture, which if quickly separated gave a 10: 1 ratio of cyclized (400) to 
linear (399a). To prevent cycIoreversion back to the starting materials the double bond was 
hydrogenated, as in Harwood's approach46 as shown in Scheme 42. The Iwasawa reference 
shows that Diels-Alder reactions can be perfonned on dicobalt hexacarbonyl complexes, 
provided that the conditions are mild. Another reference by Iwasawa lOO uses a Heck 
reaction to make a 4,5-didehydrotropone-Co(COkdppm complex (Scheme 104). 
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Scheme 104, 
The aryl iodide (401) was treated with dicobalt hexacarbonyl to give species (402). This 
was reacted with diphenylphosphinomethane (dppm) giving (403); doing this imparts 
greater thermal stability to the complexes. The Heck reaction occurred after carbonyl 
insertion; it was found that the carbonyl is derived from a carbon monoxide ligand and not 
from external CO, They found that placing a sacrificial complex (406) in the reaction 
mixture gave a higher yield of the didehydrotropone (404). Which was then reduced to the 
diiodide (405). The two publications by Iwasawa raised the question of whether it would be 
possible to form the Diels-Alder cyc10adduct and then cyclize, while the complex is still in 
place, before the Pauson-Khand reaction is performed. This led to a modified retro-
synthesis, we decided to start from diethyl allyl malonate (407) which would then be 
reacted with the alkyne portion, eventually giving the alcohol, from which would, by using 
Wittig chemistry be generated the diene portion. Complexation followed by cyc1ization 
would give the bicylo[5.4.0] ring system. Pauson-Khand cyclizatlOn would then give the 
phorboid ring system. The new retrosynthesis therefore has two sub-goals: These are to 
perform an intramolecular Diels-Alder reaction, forming a seven-membered ring dicobalt 
hexacarbonyl complex; and then to perform a Pauson-Khand reaction on this complex. Use 
of the Die1s-Alder reaction to generate cyc10heptyne complexes has only been performed 
using furan as a diene, as reported by Iwasawa.99 The bicyclic complexes are known in the 
103 
literature,99,IOO but there are no known Pauson-Khand reactions on cycIoheptyne dicobalt 
hexacarbonyl substrates (Scheme 105). 
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Scheme 105. 
> 
0 0 
/""-0 0""-""" 
r" 11 
R3 
OTBDMS 
il 
0 0 
~/~ 
R3 
The retrosynthesis reverses the relative positions of diene and dienophile compared to the 
synthesis by Page;58 it was thought that the complex would act as an electron donating 
substituent to the diene, as dicobalt hexacarbonyl substituents can stabilise carbocations in 
the a-position. 
The synthesis starts from but-2-yne-l,4-diol, which was mono-protected as in 
Scheme 100 giving (397). The unprotected alcohol was then activated by converting it into 
a mesylate (408); this was performed in undistilled toluene using triethylamine as the 
base. lol The reaction was robust and gave yields that were consistent and averaged 76%. 
The product was more stable than the previous mesylate (393), but still had to be stored 
under nitrogen at -18°C. The mesylation reaction was tried in DCM but this did not work 
and resulted in decomposition (Scheme 106). 
o 
" 
Toluene 
+ -S-CI 
" o EI3N, OoC 10 rt 
(397) 
Scheme 106. 
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The mesylate (408) was displaced with the anion of diethyl alJyl malonate (407). 
The malonate was deprotonated with sodium hydride; the reaction was fIrst tried in 
anhydrous DMF, but this did not work and resulted in decomposition. Changing the 
solvent to anhydrous THF resulted in product formation, however the reaction product 
(409) and diethyl allyl malonate have a very similar polarity and separation by column 
chromatography is difficult. Isolation of the malonate derivative (409) gave 49% yield, 
with the remainder of the product being part of a mixture with diethyl allyl malonate. If left 
at room temperature in THF for more than 2 days the reaction results in decomposition, 
similar to the situation in DMF. The degradation reactions are slower in THF than in DMF 
(Scheme 107). 
o 
o 0 0-8-~~ f8 
TBDMSO 11 
NaH 
THF,rt 
11 49% 
TBDMS 
(407) (408) (409) 
Scheme 107. 
The alkylated malonate (409) was deprotected with TBAF in THF giving the alcohol 
(410). The polarities of the alcohol and the silylated precursor were very different. Once 
this had been proven, the deprotection, which gave 97% yield, was performed on the 
reaction mixture of (409) and diethyl allyl malonate, saving a purifIcation step. The 
alkylation-deprotection steps gave a combined yield of 89% (Scheme 108). 
0 0 0 0 
/'0 0"""- TBAF /'0 0"""-
11 
THF 
" 
97% 
89% 
TBDMSO HO 
over 2 steps 
from (407); 
Scheme 107. (409) (410) 
Scheme 108. 
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The next step was an oxidation followed by a Horner-Wadsworth-Emmons reaction using 
triethyl phosphinyl crotonate.102 The Swern oxidation was perfonned, and the mixture was 
poured into a THF solution of triethyl phosphinyl crotonate that had been deprotonated 
with LDA, this reaction did not work. We initially thought that the Swern reaction was not 
working, and so the alcohol (410) was oxidized by Swern oxidation and reacted with the 
stabilized ylide (389); this gave the product as the E isomer (411) (Scheme 109). 
0 0 1) Swern 
/""-0 0/'0..... Decomposition 
2) LOA THF 
11 0 0 (410) "~ EtO-;P :::,... 0/ 
EtO 
HO 
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/""-0 0/'0..... /""-0 0" 
2) THF 
11 (410) <B8 (389) (411) Ph3P~ 43% 
HO 0\ ,:? 0 
0 0" 
Scheme 109. 
This proved that the Swern oxidation was successful and that possibly the difficulty was 
with the combination of the unstabilized phosphonate and the Swern reaction mixture. The 
oxidant was changed to activated manganese dioxide and the unstable aldehyde that 
fonned was then reacted with deprotonated triethyl phosphinyl crotonate, but this also did 
not work. The reaction was tried a number of times but with no success (Scheme 109). 
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In an attempt to make the required cyclization precursor (412) the approach was 
modified (Scheme 110). 
0 0 0 0 OMes 
"""""-'0 0/'0.... > 
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Scheme 110. 
To synthesize the fragment (413), an oxidation-Wittig homologation reaction 
sequence was chosen. The starting material was but-2-yne-l,4-diol (396), which was 
mono-protected with TBDMSCI, followed by a one-pot Swem-Wittig procedure giving 
(398) as shown in Scheme 101. The enyne (398) was then reduced with half a molar 
equivalent of lithium aluminium hydride in anhydrous diethyl ether with a quench at -60 
qc. This induced the reduction of the ester to the allylic alcohol (414) in 76% yield. There 
was no evidence in the reaction mixture of reduction of the double bond to give a hex-2-
yne-l,6-diol derivative (Scheme 111). 
TBDMSO \ \ tH 
o 
(398) 
DlethyJ ether 
-60 oC 
Scheme 111. 
TBDMSO~\ 
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OH 
(414) 76% 
The allylic alcohol was then oxidized using the Swem conditions and reacted with the 
Wittig ylide (389) formed from (methoxycarbonylmethyl) triphenyl phosphonium 
bromide, in a one-pot procedure, which is the same as in Scheme 102. This gave the 
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dienyne ester (415) in a 79% yield as the E-E isomer. The splitting patterns, of a double 
triplet a doublet, and two double doublets and coupling constants of 15.2 and 15.7 Hz, are 
indicative of trans stereochemistry and support the assignment (Scheme 112). 
TBDMSO 
\ \ \ 
OH 
(414) 
1) DMSO, 
oxalyl chlOride 
EI3N, -78 QC 
2) (389), THF 
Scheme 112. 
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The next reaction proved difficult. A TBAF deprotection of the silyl derivative (415) was 
first attempted using overnight stirring, adsorbtion of the red-black semi-solid onto silica 
gel, and purication by column chromatography. This gave the product, but only in a yield 
of 26%. The reaction was followed by TLC and was found to be complete within 15 
minutes, pointing to the possibility that extended reaction times were leading to 
decomposition of the product. The following procedure was developed for the 
deprotection: the dieneyne was diluted in THF, to this was added TBAF, the flask was then 
shaken by hand; the reaction was diluted with water and extracted with DCM, and 
followed by drying with magnesium sulfate. The organic layers were combined and the 
solvents were removed by vacuum giving a brown oil. When this was diluted in light 
petroleum ether a cloudy suspension was formed, and when the flask was tapped lightly, an 
oily deposit was formed; the resulting supernatant was poured into a separate flask; 
removal of the solvent gave the required alcohol as a precipitate that was removed by 
filtration. This procedure gave the alcohol (416) in 49% yield without the need for further 
purification as an unstable orange-yellow wax (Scheme 1 13). 
TBDMSO~. , 
... ~O-
(415) 0 
1) TBAF, THF 
2) light petroleum ether 
then filtration 
Scheme 113. 
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After finding a suitable method for the deprotection to give the alcohol (416), we needed to 
activate the alcohol to allow it to react with the anion formed by the deprotonation of 
diethyl allyl malonate. The first attempt used methanesulfonyl chloride with triethylamine 
as the base and toluene as the solvent, but this did not work and gave decomposition. The 
next attempt used DCM and DMAP with methane sulfonyl chloride; this also gave 
decomposition.. The analogous reactions with toluenesulfonyl chloride were also tried. 
These too did not work (Scheme 114). 
HO~. , 
(416) ~O­
o 
Methane sulfonyl chlonde 
toluene Et3N 
Scheme 114. 
Decomposition 
Faced with this dead end, the approach was again modified, and the attempt to make (412) 
was abandoned. The modification was to use a different ylide in the one-pot Swem-Wittig 
reaction of (410). This ylide was the commercially available acetylmethyl methylene 
triphenyl phosphorane (417). The reaction was analogous to the reaction that forms 
compound (411), as in Scheme 108. The alcohol (410) was reacted under Swem 
conditions, once the temperature of the reaction mixture had reached -10°C, the mixture 
was poured into 5 molar equivalents of the ylide (417) in THF solution; the mixture this 
was stirred overnight and gave the product (418) in 63% yield as an inseparable mixture of 
ElZ-isomers after work-up. The Z isomer was present as a minor impurity of approximately 
5-10% (Scheme 115). 
1) DMSO, (COCI), 0 0 0 0 
0/"0",. DC M, EI3N 
./"0 0/"0",. ./"0 0/"0",. 
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.& 
Ph3Pro 11 11 HO (410) (418) 63% 
"" 
5% ::,.. 0 (417) 
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Scheme 115. 
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The next step was to generate the diene by forming a silyl enol ether using TIPSOTf and 
triethylamine in DCM. This reaction worked but purification proved impossible on flash 
silica gel, even when deactivated with triethylamine. The product of this attempted 
purification was the enyne (418), the starting material. In an attempt to stop this, we 
thought that complexation, converting the alkyne into a dicobalt hexacarbonyl complex, 
followed by siIyl enol ether formation, may work. The first step was the complexation of 
(418); this gave the complex (419) as red oil. The reaction only gave a yield of 21%; 
removal of the eluent light petroleum ether/diethyl ether after column chromatography on 
flash silica gel, resulted in decomposition of some of the product. The I3C NMR spectrum 
shows no real evidence for the Z-isomer, which was a minor part of the starting material. 
The purified complex (419) was converted into a siIyl enol ether (420) by reacting it with 
triisopropyl triflouromethane sulfonate and triethylamine in DeM. The product (420) was 
obtained as a brown sludge in 32% yield, after purification on flash silica gel that had been 
deactivated with triethylamine, again product degradation was a problem (Scheme 116). 
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Scheme 116. 
The formation of (420) represents the successful formation of a Diels-Alder cyclization 
precursor. The next step was the attempted Diels-Alder reaction; a major problem with the 
precursor (420) is that it can undergo two competing cyclizations, compound (421) is the 
Diels-Alder product, while (422) is the Pauson-Khand cyclization product (Scheme 117). 
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Scheme 117. 
The first attempt at Diels-Alder cyclization used a thermal method, this involved heating in 
DCM, this did not induce reaction and gave back the starting materials. Heating in toluene 
was tried but this did not result in any coloured compounds, the dicobalt complexes are 
coloured, the starting material (420) is brown, indicating that the reaction did not form 
(421). The reaction gave a complex mixture from which no compounds could be identified. 
The second attempt at cyciization was to adsorb (420) onto silica gel, as used by both 
Iwasawa99 and Harwood46 to catalyse Diels-Alder cyciizations. This method, like the 
thermal method, suffers in that again there is a possible competing Pauson-Khand reaction. 
The promotion of the Pauson-Khand reaction by adsorption onto silica gel is known as dry 
state adsorption, and was discovered by Smit and Caple; 103 It results in an increased yield 
of the Pauson-Khand cyclization product. The complex (420) was adsorbed onto dry silica 
gel and stirred for twenty-four hours. The silica gel was then washed with ethyl acetate, 
once the ethyl acetate was removed an NMR analysis was performed. The NMR spectrunJ 
did not correspond to the starting material or any known product (Scheme 118). 
DCM 
reflux 
Toluene 
reflux 
SllrcaGel 
stlrrmg 24 hrs 
Scheme 118. 
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No Diels-Alder cyclisation 
As a result of these failed cyclizations it was proposed, based on the literature,I04 that 
Lewis acid catalysis should be utilised to lower the activation barrier for the Diels-Alder 
reaction. This would require a Lewis basic site on the dienophile, and to do this the 
dieneophile portion would have to be changed. The synthesis again started from diethyl 
allyl malonate (407), which was subjected to ozonolysis with reductive workup with 
dimethyl sulfide. Although this reaction worked, it was thought that step economy could be 
achieved by adding the aldehyde product from the ozonolysis straight into a THF solution 
of the ylide (389). This gave the unsaturated ester in a 36% yield; no other product other 
than baseline decomposition products were found, (Scheme 119). 
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Scheme 119. 
Once the dieneophile unit (423) had been prepared, the alkyne portion had to be added. 
This was done in exactly the same way as it was done with diethyl allyl malonate as shown 
in Scheme 106. The dienophile unit was deprotonated with sodium hydride in THF; to this 
was added the mesylate (408), to give the alkylated tricarboxylate (424) in a 51 % yield, 
with the remainder being unreacted starting materials. As with the analogous reaction 
using diethyl allyl malonate, extended reaction times resulted in decomposition of the 
product rather than in a higher yield of product. This was not a problem as the product and 
the dieneophile starting material (423) are separable by flash chromatography. Compound 
(424) was then deprotected with TBAF to give the alcohol quantitatively (425) (Scheme 
120). 
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Scheme 120. 
The diene portion was then synthesized in the same manner as in Schemes 115 and 116. 
The alcohol (425) was oxidized by Swern oxidation, and the unpurified product was 
poured into a THF solution of the yIide (417) once the temperature had reached -10 °C. 
This resulted in formation of the enyne (426) as an inseparable mixture of EIZ-isomers, 
with the Z-isomer predominant. This mixture was then treated with dicobait octacarbonyl 
giving the complex (427). As with (420), the complex was unstable and decomposed upon 
attempted purification by column chromatography (Scheme 121). 
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Scheme 121. 
From the small amount of complexed enyne (427) that was generated, an attempt at silyl 
enol ether formation was performed. This gave mUltiple products according to TLC 
analysis. Attempted purification on silica gel that had been deactivated with triethylamine 
and using an eluent that contained 5% triethylamine, resulted in decomposition of the 
complex. This setback led to the intramolecular Diels-Alder approach being abandoned, as 
the complexes were unstable either in air or on silica gel. Our attention then turned to the 
possibility of performing the reaction in an intermolecular fashion. 
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2.2.3 Intermolecular Diels-Alder reactions 
The previous approach, the intramolecular DieIs-Alder reaction was unsuccessful. 
The strategy resulted in the fonnation of highly functionalized molecules, which upon 
conversion to complexes become unstable. It was thought that the degree of 
functionalization may have been the cause of the problem, and that simplification of the 
Diels-Alder precursors would allow fonnation of the six-membered ring, and give relative 
stereocontrol at the 6-7 ring junction. An intennolecular Diels-Alder approach would fonn 
the 6- and 7-membered rings in two steps, and the fonnation of the six-membered ring by 
means of a Diels-Alder reaction would occur first. 
The synthesis started from propargyl alcohol, which was oxidized with activated 
manganese dioxide in THF, and olefinated by a Wittig reaction with the stabilized ylide 
(389), using the procedure developed by Xudong and Taylor.105 The reaction proceeds well 
when the quantities are low, but when scaled up to a fifteen-gram quantity it fonns a bright 
red paste. Large-scale purification of this mixture is difficult as the crude reaction mixture 
solidifies on flash silica gel columns, to perfonn column chromatography on a large scale 
it is necessary to break up the solid with a glass rod, the composition of the solid was not 
analysed. On a small scale the only product isolated is the Z-isomer (428) in an average 
yield of 65%. The reaction is slow and extended reaction times are needed, as is a five-fold 
excess of the ylide (Scheme 122). 
Mn02THF 
Ph3P~ 
(389) ro, 
Scheme 122. 
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The enynone (428) was reacted with Danishefsky's diene (429) in DCM, an extension of a 
method developed by Inokuchi,I°6 where the diene (429) is reacted with methyl crotonate 
in the presence of a Lewis acid to give as the major product a trans-substituted 
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cyclohexenone. We thought that the reaction of (428) with Danishefsky's diene would give 
a trans-cyclohexenone with a pendant alkyne. The Diels-Alder reaction was attempted 
using a number of Lewis acids including boron trifluoride etherate, zinc dichloride, indium 
triflate, zinc diiodide and titanium tetrachloride, using the same conditions as Inokuchi 
used with methyl crotonate and Danishefsky's diene106 (Scheme 123). 
LeWls aCids 
multiple products 
DCM 
(428) (429) 
Scheme 123. 
The reaction with Danishefsky's diene in every case gave multiple products before all the 
starting materials were consumed. The reaction did not give the desired product. When 
Inokuchi reacted Danishefsky's diene with methyl crotonate he obtained predominantly 
one product, a cyclohexenone. Danishefsky, however, reported the formation of multiple 
products in the reaction of methyl crotonlate with the same diene. These products arise 
from the formation of dIffenng facial isomers, elimination products, and patterns of 
conjugation. The reaction in our hands gave results similar to those found by 
Danishefskyl07 rather than those described by Inokuchi.106 The complexed enyne (390) was 
also used in the reaction with Danishefsky's diene (429), but this gave no reaction, and the 
starting enyne was recovered. Heating the mixture to induce it to react was not attempted, 
as the enyne complex is not thermally stable, heating the complex results in de-
complexation and decomposition (Scheme 124). 
Co2(CO)e --=I~o- + 
(390) 0 
OlMS 
Meo~ 
(429) 
Scheme 124. 
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The failure of the intennolecular Diels-Alder reaction to generate a six-membered ring and 
the failure of the intramolecular Diels-Alder reaction to generate the fused [5.4.0] ring 
system led to a change in approach. We decided that attempts to synthesize the seven-
membered ring dicobaIt hexacarbonyl complex should be continued and that a six-
membered ring unit should be bought as a starting material. 
117 
2.2.4 Ring-closing metathesis precursors, and aldol cyclization reactions. 
The failure of the Diels-A1der approach led to a reappraisal of the methods used. 
We thought that a Pauson-Khand reaction could be used to form the cyclopentenone 
portion, and that if the cyclohexane portion was purchased, ring closing metathesis using 
Grubb's catalyst could form the seven-membered ring, as was performed by Green. I08 In 
an attempt to control the stereochemistry at the [5.4.0] ring junction, a method developed 
by Liottal09 was used. This involves the addition of a lithium acetylide to benzoquinone to 
give an a1koxide, to the reaction mixture is introduced an additive, DMPU, which che1ates 
to the lithium ions in the mixture. Vinyl magnesium bromide is added, and forms a 
magnesium-a1koxide complex, according to Liottal09 which transfers a vinyl group to the 
~-carbon of the (l,~-unsaturated ketone, giving trans stereochemistry. The result of these 
reactions in our hands, however was the isolation of the lithium acetylide product (431). 
(Scheme 125). 
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Scheme 125. 
Two methods were used in this unsuccessful attempt to make the a1kynol (432), a one-pot 
addition of the acetylide, followed by the additive, DMPU and then the vinyl Grignard; and 
a two-step procedure, where compound (431) was isolated as an alcohol, to which LHMDS 
or KHMDS was added, followed by DMPU or 18-crown-6, depending on the base used, 
and then the vinyl Grignard reagent. Five equivalents ofDMPU were added to complex the 
lithium ions, making the oxygen available for complexation with the Grignard reagents. 
2.2 Equivalents of the Grignard reagent were added to form a complex where the vinyl 
groups are complexed to the oxygen. The addition of over 5 molar equivalents of additive 
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did not alter the course of the reaction; the use of excess vinyl magnesium bromide was 
also ineffective. None of the reactions forming (432) worked in our hands; the results 
obtained by Liotta could not be repeated. Compound (431) was isolated each time. The 
problem could not have been due to wet solvent as addition of the lithium acetylide would 
react with any water molecules present in the two-step procedure, and excess LHMDS 
would react with any water in the two-step procedure 
The approach was therefore changed again and a different six-membered ring unit 
was synthesized. During this work, a publication on the formation of a cycloheptynone 
dicobalt hexacarbonyl complex as part of the synthesis of the curcusone natural products 
was published. llo As a result, we decided to attempt seven-membered ring formation by 
aldol ring closure, as, at this time, an aldol reaction or elimination had not been achieved 
on a dicobalt hexacarbonyl complex to form a seven-membered ring. 
The retrosynthesis of the new approach has three major steps: first a lithium 
acetylide addition, to form a carbon-carbon bond and the tertiary alcohol at C-9; secondly, 
after complexation, an aldol elimination to form the seven-membered ring; thirdly, a 
Pauson-Khand reaction to form the cyclopentenone (Scheme 126). 
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Scheme 126. 
The new C-ring portion was synthesized from cyclohexanone, which was 
diethoxymethylenated using the method developed by Mock.lIl This involved treating 
triethyl orthoformate with boron trifluoride diethyl etherate and reacting the yellow 
precipitate that forms with cyclohexanone. The reaction gives the diethylacetal (433), and 
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can be performed easily on a large scale giving a yield of 68%. The product can be purified 
by vacuum distillation, and it is stable and can be stored at room temperature. The a1kyne 
(434) was formed from (+I-)-3-butyn-2-01, which was protected with tertiary butyldimethyl 
silyl chloride, using imidazole and DMF;1l2 the protection gave a yield of 66%, a yield 
which after prolonged experimentation could not be improved (Scheme 127). 
Humgs base 
, 
-78°C 
+ TBDMSCI + Imidazole __ D_M_F __ 
Scheme 127. 
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The next step was the deprotonation of the a1kyne C-H bond in the TBDMS-protected 
butynol (434) and subsequent addition of the anion to the ketone (433). The reaction, 
involving two racemic molecules in which another chiral centre is created could generate 
four diastereoisomers. To try to overcome the problem of diastereoisomer formation, a 
method developed by Carreirall3 using pseudoephedrine and zinc triflate was attempted. 
This reaction is an enantioselective addition, and we hoped that it would reduce the 
number of diastereoisomers formed. The zinc triflate reaction, however, gave no product. 
Only starting materials were isolated, and no p-elimination product was found either. The 
reaction involved the addition of an a1kyne to a ketone; Carreira had only added a1kynes to 
aldehydes. The simple addition reaction also proved problematical; n-BuLi was used to 
deprotonate (434) to form a lithium acetylide in THF. The acetylide was added to the 
diethoxymethylenated cycIohexanone (433), to give the addition product (435) in 23% 
yield and a major side product (436) in 15% yield, which is formed by p-elimination 
(Scheme 128). 
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Scheme 128. 
Attempted modifications of the conditions to improve the yields of the alcohol (435) 
included using excess alkyne (434) and using inverse addition. We found that when higher 
temperatures were used, the amount of the ~-elimination product (436), as expected, rose: 
When the equations for the two competing reaction pathways - addition versus ~­
elimination - are examined the reason for the increase in the yield of the side product 
becomes apparent (Scheme 129). 
0 o~ if()"""'-. OTBDMS ~TBDMS + ==---\ n-BuLI. THF 
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Scheme 129. 
In Scheme 129 reaction 1, 2 moles of reactant form 1 mole of product; in reaction 2, 2 
moles of product react to give 3 moles of product. Reaction 2 is therefore entropically 
favoured; higher temperatures favour elimination over addition. This is a consequence of 
the Gibbs free energy equation, and the second law of thermodynamics. 
~ G=~H-T ~S 
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As can be seen, the entropy term S increases with increased temperature, and, as reactions 
are spontaneous when the Ll.G term is negative, any increase in temperature will favour the 
reaction that results in an increase in entropy, as is the case in equation 2. So to make the 
side reaction less favourable a reduction in temperature was used; this resulted in an 
increase in the proportion of the product (435). 
The reaction was carried out at a temperature of -100°C, and required extended 
reaction times and a Dewar lagged with cotton wool and aluminium foil. The reaction then 
still contained (436), but gave a 43% yield of (435), which was the highest yield obtained. 
We hoped that some of the diastereoisomers would be separable by column 
chromatography, but this proved not to be the case. The reaction resulted in an inseparable 
mixture that gave a complex 13C NMR spectrum. 
The next step was the removal of the silicon protecting group to give the diol (437) 
using TBAF in THF, the reaction gave a yield of 98%, but the product proved difficult to 
purify by column chromatography. Again, the 13C NMR spectrum was complex, due to the 
presence of several inseparable diastereoisomers (Scheme 130). 
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Scheme 130. 
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The next step was the oxidation of the propargyl alcohol (437) to the ketone (438). The 
first method attempted was the Swem oxidatJon,96 which resulted in decomposition. The 
next attempt used activated manganese dioxide, which was successful and gave the product 
in 68% yield. The oxidation to the propargyJic ketone removes one of the chiral centres, 
reducing the number of possible diastereoisomers to two. This is clearly seen in the 13C 
NMR spectrum, with major and minor peaks clearly seen. There are four signals in the 
alkyne portion of the spectrum with the two major peaks at 94.34 and 81.85 ppm; the 
minor peaks appear at 91.89 and 84.13 ppm. Other peaks in the spectra also come in pairs 
with two ketone signals in the 13C NMR spectrum at 183.42 and 183.10 ppm. This 
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doubling of peaks could also be due to the presence of two confonners, with the 
cyclohexane substituents flipping from axial to equatorial, and the possibility that only one 
diastereoisomer of the ketone (438) exists (Scheme 131). 
~H OH OEt 
EtO (437) 
Mn02, DCM 
rt 
Scheme 131. 
~ OH OEt 
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Compound (438) was treated with amberlyst 15 beads in an attempt to deprotect the 
aldehyde, but this resulted in the decomposition of the compound. The next attempts used 
4-toluenesulfonic acid in DCM or toluene with a stoichiometric amount of water; these 
conditions again resulted in decomposition (Scheme 132). 
~ OH OEt 
EtO (438) 
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Scheme 132. 
Decomposition 
To overcome this problem, the ketone (438) was first treated with dicobalt octacarbonyl. 
After purification on flash silica gel, which did not require de-activation with 
triethylamine, the complex (439) was obtained in 97% yield as a red air-stable solid. When 
the complex was analysed, only one set of signals was observed in the I3C NMR spectrum; 
there was no doubling of peaks. This was either due to the diastereoisomers racemizing 
through a Nicholas carbocation to give the thennodyanic product, or the dicobalt 
hexacarbonyl complex existing as one confonner, hence giving only one set of peaks in the 
l3C NMR spectrum. To give a Nicholas carbocation the tertiary alcohol would have to be 
removed, and the only reagent that could feasibly induce this would be the silica gel used 
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during column chromatography. This could hypothetically give a tertiary Nicholas 
carbocation, which would then have to be re-hydrated, instead of undergoing elimination to 
form an alkene. 
The ability of dicobalt hexacarbonyl to act as a conformational control has 
precedent; McGlinchey used complexation with dicobalt octacarbonyl to convert a 
cyclohexylalkynol possessing an equatorial alcohol (440) into one possessing an axial 
alcohol (441) (Scheme 133). 114 The reason that compound (442) gives only one set of 
signals in the l3C NMR spectrum is due either to racemization through a Nicholas 
carbocation, or due to the dicobalt hexacarbonyl complex assuming an equatorial position 
and that only one conformer exists. As a consequence of this compound (438) must exist as 
one diastereoisomer, and the doubling of peaks in the l3C NMR spectrum of compound 
(438) must be due to two conformers existing. 
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n-Bull Et20 _7SdC 
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Scheme 133. 
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The acetal was then deprotected; para-toluene sulfonic acid in DCM and water was 
tried first, and gave no aldehyde even after stirring for two days with a large excess of 
reagents. When the reagent was changed to amberlyst 15, lIS the reaction gave an 
immediate colour change. Filtration followed by removal of solvent gave the aldehyde 
(442) in 78% yield (Scheme 134). 
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Scheme 134. 
Although the acetal complex (439) existed as only one diastereoisomer, the aldehyde (442) 
gave two aldehyde signals in the 1 H NMR spectrum, showing that enoIisation occurs at the 
aldehyde centre, allowing epimerization to occur. The keto-aldehyde complex (442) was 
the aldol cyclization precursor, which was treated with a series of bases including lithium 
diisopropylamine, n-BuLi, LHMDS and DBU, in THF solution at -78°C. Addition of n-
BuLi, causes degradation of the mixture, with the other bases causing the reaction mixture 
to change colour. The reactions were quenched at -78°C and upon removal of the solvents 
the complex, which is a bright red colour in solution changes to a dark brown tar (Scheme 
135). 
~ 
o (442) 
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THF, -78°C 
Scheme 135. 
Decomposition on 
removal of solvents 
We thought that the reaction mixture possibly contained metal cluster residues and that 
these inorganic fragments may be interfering with the reaction. The reaction mixture was 
filtered through silica gel and CeIite®. The filtrate was again bright red, and upon removal 
of solvents decomposition was again noted. Another observation was that if light 
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petroleum ether was used to wash the complex through the sinter, the complex 
decomposed. This suggests that the THF is stabilizing the complex. Removal of THF by 
vacuum or by diluting the concentration of THF by mixture with another non-coordinating 
solvent causes decomposition. From this it may be supposed that a dissociative reaction is 
occurring, a carbon monoxide ligand is being lost and THF, an electron donating solvent, 
is acting as a ligand and occupying a free site on the cluster. Removal of the THF causes 
the complex to become unstable and to degrade. This observation does not support the 
formation of the [5.4.0] complex, but the keto-aldehyde starting material (442), although 
unstable, can be concentrated down to an oil, whereas the product of this reaction cannot, 
indicating that some kind of transformation has occurred. In an attempt to by-pass this 
isolation step, bicyclo[2.2.l]hepta-2,5-diene was added to the THF solution, and the 
mixture heated to 67°C under reflux in an attempt to convert the complex to the Pauson-
Khand product, but this did not work. Failure of these reactions led to the idea of 
performing the Pauson-Khand reaction before cyclization to form the seven-membered 
ring by aldol ring closure, but time constraints led to this approach not being followed. 
Changing the six-membered C-ring was investigated, the two reasons for which 
were the low yields in the addition of the lithium acetylide to the cyclohexanone derivative 
(433) due to ~-elimination, and the number of inseparable diastereoisomers formed as a 
consequence of this addition. A new cyclohexanone derivative could perhaps solve these 
problems. The first attempt, the reaction between cyclohexanone and paraformaldehyde, to 
give an alcohol which after oxidation and acetal formation from the aldehyde with ethane-
1,2-diol could have solved the problem of ~-elimination, was tried. The attempted 
reactions to synthesize 2-hydroxymethyl-cyclohexanone used water as the solvent and 
potassium hydroxide or potassium carbonate as the base; the reaction did not give the 
product but gave a polymeric material. The next attempt used cyclohexanone (443) and 
ethylformate to form (444).116 Sodium hydride was used as the base and diethyl ether as 
the solvent. Careful addition of the sodium hydride was required as the reaction, on several 
occasions, became violent, and as such it was abandoned (Scheme 136). 
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Scheme 136. 
We then thought that we could overcome the problem of diastereoisomer fonnation 
by synthesizing a planar C-ring building block, and for this a quinone mono-ketal was 
chosen as the replacement for cyc1ohexanone derivatives, the attempts at fonning 
compound (444) were abandoned. A quinone mono-ketal would give fewer 
diastereoisomers after the alkyne had added to the ketone, and would not undergo p-
elimination; also more functionality could be placed on the C-ring. The chosen starting 
material was 3-methylsalicylic acid (445), which would give the required methyl group at 
C-18. The first step was the reduction of the acid, and used lithium aluminium hydride in 
THF or diethyl ether as the solvent, starting at 0 QC and heated to 67 QC and 34 QC 
respectively under reflux, to give 2-hydroxymethyl methyl phenol (446) in 77% yield as a 
low melting point yellow solid.1I7 The diol was selectively mono-protected with 
TBDPSCl, using triethylamine as the base and DMAP as a catalyst, to give the silylated 
product (447) as a white solid in 94% yield. The next step was a hypervalent iodine 
oxidation as used by Abrams,118 which uses iodosobenzene diacetate and anhydrous 
ethylene glycol, to give the quinone mono-ketal (448) as an off white solid in 40% yield 
(Scheme 137). 
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Scheme 137. 
Once the C-ring analogue (448) had been made, the alkyne (434) was reacted with the 
quinone mono-ketal (448), in a reaction similar to that outlined in Scheme 128. The 
reaction gave no product, only starting materials were recovered. We thought that this was 
possibly due to the steric influence of the TBDPS group, so another series of quinone 
mono-ketals with TBDMS protection was synthesized, giving compounds (449) and (450) 
in lower yields than the TBDPS derivatives (Scheme 137). To the TBDMS protected 
quinone mono-ketal (450) was added TBDMS protected but-3-yn-2-ol (434), which was 
synthesized from but-3-yn-2-01, TBDMSCl, in THF using triethylamine as the base and 
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DMAP as a nucleophilIic catalyst; the reaction gave a yield of 63%. Compound (434) was 
deprotonated with n-BuLi, and the lithium acetylide that formed was then added to the 
quinone mono-ketal at -78°C in THF, to give compound (451) in 22% yield (Scheme 
138). 
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Scheme 138. 
The alcohol (451) was not reacted further due to time constraints. 
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2.3 Approaches to Guanacastepenes. 
Guanacastepene is a new target to both the Page and Christie groups and as such there is 
no precedent to work upon. However based upon a reference by Tanino and Miyashita1l9 
where they synthesized a [5.4.0] dicobalt hexacarbonyl complex (452), with trans 
stereochemistry across the [5.4.0] ring junction (Scheme 138), we saw that formation of 
this complex, followed by a Pauson-Khand reaction would allow the formation of 
[9.3.0.03•8] (five-seven-six) ring system derivatives, of which guanacastepene (2) and 
euphoreppinol (29) are examples (Scheme 139). 
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Scheme 139. 
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The formation of the seven-membered ring in (452) utilizes Nicholas carbocation 
chemistry and aldol chemistry to complete the [5+2] cyc1oaddition. 
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2.3.1 Background to the Nicholas reaction. 
The Nicholas reaction was discovered in 1971 by Nicholas and Pettit8! during 
investigations into the use of dicobalt octacarbonyl to protect alkynes as dicobalt 
hexacarbonyl complexes. During these investigations they discovered the acid promoted 
hydration/dehydration equilibrium of complexed propargyl alcohols (Scheme 140). 
HO -=I~ 
(OC)6C02 [ -~l -=r-"----(OC)6C02 
Scheme 140. 
In these reactions, attack occurs exclusively at the propargylic carbon; none of the allenic 
by products that form from propargylic cations are found. The classic Nicholas reaction 
involves the formation of the carbocation by either protonation of a propargylic alcohol or 
by treatment with Lewis acids to remove an alcohol, an ether or an ester, followed by 
elimination or by the use of a nucleophile to trap the propargyl centre, which is formally a 
carbocation, as used by Schreiber to alkylate the TMS sHyl enol ether of cyclohexanone!20 
(Scheme 141). 
DCM -78 DC 
Scheme 141. 
Although theses species are termed carbocations, evidence suggests that the positive 
charge resides on the cobalt cluster. Evidence for this was obtained by Nicholas,121 by 
measuring the carbon monoxide stretching frequencies of complex and comparing these 
frequencies with those of the corresponding cation salt. There was an increase in the metal 
carbonyl stretching frequencies in the IR spectra of 40-60 cm-!, indicating a decrease in the 
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degree of cobalt-carbon monoxide back bonding. IH NMR experiments also show that the 
cations are non-symmetrical; in low temperature NMR experiments at -40 °C the two 
methyl groups in (453) exist in different environments.120 Raising the temperature to -28 
°C results in the signals coalescing, indicating that rotation is occurring and that the 
positive charge is jumping from one cobalt to another (Scheme 142). If the cation existed 
at the propargyJic centre only one methyl signal would be observed at low temperature. 
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Scheme 142. 
Investigations using the complex (454) show diastereotopic peaks under I3C NMR 
analysis, and nOe analysis. The investigations, which involved forming the cation salt at 
low temperature in an NMR tube and then raising the temperature showed two types of 
inversion were occurring, the lower temperature inversion was an enantiomerization, and 
the higher temperature inversion was a syn-anti isomerization. The enantiomerization is an 
antarafacial migration, and the syn-anti conversion is a suprafacial conversion, a 120° 
rotation followed by migration, or a rotation. The rotation, which is either a 120° rotation 
followed by suprafacial migration, labelled as suprafacial migration in the diagram, or a 
180° rotation, labelled as rotation (the diagonal arrows) in the diagram (Scheme 143). 
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Scheme 143. 
The antarafacial enantiomerization is believed to proceed through transition state (455) and 
the rotation is believed to have the transition state (456). Transition state (455), according 
to Schreiber,122 can be stabilized by maintaining partial electron delocalization, whereas 
the transition state for the rotation (456) cannot. 
These pieces of evidence show the fluxional nature of the Nicholas carbocation, 
also that the cation is not an alkyl cation but is mainly sited on the metal cluster, and that at 
higher temperatures the metal-sited, and carbon-sited cations can be regarded as canonical 
forms of a Nicholas carbocation. 
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2.4 Synthesis of Guanacastepene derivatives. 
2.4.1 [5+2) cycloaddition followed by Pauson-Khand reaction. 
From compound (452) in Scheme 138, a Pauson-Khand reaction, followed by a 
retro-Diels-Alder reaction, would give the [9.3.0.03•8] ring system, as shown in the 
retrosynthesis (Scheme 144). The formation of the bicyclo [5.4.0] fragment would follow 
the method developed by Tannino and Miyashita.1l9 
cr9OT'PSO , \ H 
o 
;. 
o 
Scheme 144. 
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The first step in the synthesis was the deprotonation of propargyl chloride with 
n-BuLi in anhydrous THF, to which was added freshly distilled acetaldehyde at -78 °C. 
After stirring at -78 °C for thirty minutes, DMF was added along with sodium hydrogen 
carbonate and benzoic acid, and the reaction was heated overnight at 100-140 °C, to give 
4-hydroxy-2-pentyn-l-yl benzoate (457) in 78% yield. The reaction was shown to give 
multiple products by TLC analysis, and the major side product was the unstable 5-chloro-
pent-3-yne-2-ol. The alcohol (457) was then oxidized to the ketone using a Swem 
oxidation, a clean conversion (458) in 74% yield (Scheme 145). 
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Scheme 145_ 
Once fonned, the ketone (458) was treated with dicobalt octacarbonyl to give the complex 
(459) in 84% yield as a red air-stable solid_ This was followed by converting the complex 
into a silyl enol ether, by using TIPSOTf and triethylamine; the reaction proceeded in 93% 
yield to give an orange solid (460), which was not air-stable (Scheme 145). 
Once the cyclization precursor (460) had been fonned, synthesis of the [5.4.0] ring 
system was attempted. This involved adding the commercially available trimethylsiloxy-
cycIohexene to the complex (460) in DCM at 0 ·C, and then adding ethyl aluminium 
dichIoride; the reaction was stirred for fifteen minutes and then extracted with a saturated 
solution of potassium sodium tartrate. After repeated experimentation this reaction could 
not be made to work with the TMS enol ether of cycIohexanone. We then decided to 
synthesize the TIPS analogue of this compound. The reaction was perfonned using 
TIPSOTf to give the silyl enol ether (461) in 86% yield, and the reaction could be 
perfonned on a multi gram scale (Scheme 146).123 Compound (461) was reacted with the 
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complex (460), and gave a red oil after work up. The oil, which was thought to contain 
(452), did not survive chromatography on flash silica gel. 
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Scheme 146. 
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Deactivation of the flash silica gel with triethylamine followed by chromatography of the 
red oil obtained from the reaction outlined in Scheme 145 using an eluent containing 15% 
triethylamine did not work, and resulted in decomposition of the complex. Deactivation of 
the flash silica gel with 5% water, which was mixed on a Buchi to ensure homogeneity 
gave the same results when it was used. The IH NMR spectrum of the unpurified reaction 
mixture was messy, and repeated experimentation did not yield any of compound (452). 
We thought that if the [5.4.0] complex (452) had been formed, but was not capable of 
purification using the materials available, it should still possess the potential to undergo the 
Pauson-Khand reaction, as it is a dicobalt hexacarbonyl complex. To test this, the reaction, 
as outlined above in Scheme 145, was performed and the complex was then placed in a 
flask along with 20 molar equivalents of bicyclo[2.2.l]hepta-2,5-diene in toluene. The 
mixture was heated for 12 hours at a temperature of 75 °C. The reaction gave a complex 
mixture, but the I H NMR spectrum of the unpurified reaction mixture showed distinctive 
peaks at 6.18 ppm and 6.33 ppm, a pair of double doublets. These signals could correspond 
to the Pauson-Khand product, as analogous signals appear in Pauson-Khand products that 
use bicyclo[2.2.1]hepta-2,5-diene as the alkene reactant. This reaction therefore suggests 
that (452) is formed in the reaction outlined in Scheme 145. Purification of the crude 
material on flash silica gel had to be performed twice due to streaking of the excess 
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bicyclo[2.2.1]hepta-2,5-diene used in the reaction. From this mixture the Pauson-Khand 
product (462) was recovered in 7% yield as an amorphous light yellow solid. The reaction 
was repeated under the same conditions, giving a yield of 14%, and when the temperature 
of the Pauson-Khand step was lowered to 65°C the yield increased to 25% (Scheme 147). 
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Scheme 147. 
Compound (462) was obtained as one isomer and the IH NMR and l3C NMR spectra 
correspond to the structure shown in Scheme 147 (see appendix A). The stereochemistry of 
(462) can be rationalized through the transition states (463) and (464) where the hydrogen 
is axial and the carbon is equatorial. Transition state (463), which has antiperiplanar silyl 
enol ether and silyloxonium cation groups; this is favoured over the transition state (464), 
where these groups are synclinal; as the antiperiplanar transition state has greater orbital 
overlap between the silyl enol ether and the silyl oxonium ion. This transition state will 
result in the two R groups being trans to each other (Scheme 148). 
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Attempted recrsystalizations of (462) failed, giving either a white powder or an 
amorphous solid. Attempts have included the slow evaporation of solvent from solutions of 
hexane, light petroleum, and ethyl acetate, diffusion from solvent mixtures including 
toluene/methanol, toluene/ethanol, hexane/ethanol and light petroleum ether/methanol. 
Compound (462) has the required 'linear' six-seven-five ring structure of 
guanacastepene but lacks any of the quaternary centres. If compound (462) were to be 
converted to guanacastepene a selective deoxygenation of one of the allylic ketones would 
have to occur. 
The Pauson-Khand reaction of a cycIoheptynone dicobalt hexacarbonyl complex 
has not been reported in the literature and so this is probably the first time this reaction has 
been performed on cycloheptyne substrates. Examination of the structure shows that it has 
an oxygenation pattern similar to that found in euphoreppinol (29), and we thought that an 
allylic oxidation could give oxidation on the seven-membered ring, giving one of the 
alcohols found in euphoreppinol. An allylic oxidation was attempted with selenium 
dioxide, but even with two and a half equivalents of selenium dioxide the oxidation did not 
work and only the starting material (462) was recovered (Scheme 149). 
no reaction 
EtOH96% 
o 
(462) 
Scheme 149. 
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The structure of euphorrepinol (29) also contains a methyl group on the seven- membered 
ring, which could be placed in the ring of (462) if the [5+2] cyclization forming the [5.4.0] 
structure contained an extra carbon, formation of a six carbon unit, where one of the 
carbons does not form part of the seven membered ring would allow this. Analogues of the 
compounds synthesized in Scheme 143 were made (Scheme 149). The synthesis started 
from propionaldehyde, and the first reaction as before was the deprotonation of propargyl 
chloride with n-BuLi followed by addition to propionaldehyde; this was followed in turn 
by the addition of benzoic acid, sodium hydrogen carbonate, DMF, and the mixture heated 
overnight to 120°C. The reaction did not give the required product but gave the 
chloroalkynol (465), which was unstable but survived purification on flash silica gel and 
long enough to be characterized. Based on the stability of this compound, we decided to 
generate the benzoate in two steps. Propargyl chloride was deprotonated with n-BuLi and 
added to propionaldehyde, to give 6-chloro hex-4-yne-3-ol (465). The chloride (465) was 
reacted with sodium benzoate in DMF at 120°C, which gave the benzoate (466) in a clean 
transformation with no side products except for base line decomposition, the reaction 
giving a yield of 55%. Compound (466) was oxidized by Swern oxidation to the ketone 
(467) in 55% yield. The ketone was then treated with dicobalt octacarbonyl to give the 
hexacarbonyl (468) in 90% yield, with some of the product being lost to decomposition 
upon removal of the solvents. The complex was then converted into the sHyl enol ether, 
using TIPSOTf and treithylarnine in DCM, to give the required sHyl enol ether (469) in 
71 % yield; there was no evidence in the IH NMR spectrum for the Z-isomer (Scheme 150). 
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Scheme ISO. 
Once compound (469) had been formed it was subjected to the same reaction conditions as 
compound (460) in Scheme 146. This however did not result in formation of a Pauson-
Khand product, nor was a bicyc!o[5.4.0jundec-4-yne-3-one dicobalt hexacarbonyl complex 
isolated from the mixture. 
No further transformations of compound (462) or of related complexes were 
performed due to time constraints. 
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3.1 Experimental section. 
General information. 
Solvents and reagents. 
The solvents were dried, distilled and stored under anhydrous conditions when 
necessary, the following solvents were distilled, and dried over the following reagents. 
Dichloromethane: 
Diethyl ether: 
Ethyl acetate: 
Light petroleum ether: 
Tetrahydrofuran; 
distilled over phosphorous pentoxide or calcium hydride. 
distilled over sodium and benzophenone. 
distilled over calcium chloride. 
distilled over calcium chloride. 
distilled over sodium and benzophenone. 
Dimethylformamide and dimethylsulfoxide were bought as anhydrous solvents in 
Sure-Seal® bottles. Toluene was used without drying. 
The reagents used were bought from, Sigma-Aldrich Chemical Co. Ltd, Lancaster 
Synthesis Ltd, and Strem Chemical Co. Ltd. 
Spectra and analysis. 
IH and I3C NMR spectra were recorded using either Bruker AC250, or DPX400 
spectrometers. The internal standards used in the IH spectra were either the residual 
chloroform peak, in deuteriochloroform assigned as 7.24 ppm or the peak in 
tetramethylsilane assigned as 0 ppm. In the I3C spectra the internal standard was the central 
peak of the deuteriochloroform triplet, assigned as 77 ppm. Coupling constants (J values) 
are measured in hertz. Multiplicites are recorded as broad peaks (br), singlets (s), doublets 
(d), triplets (t), quartets (q), muItiplets (m), and combinations of these, for example, double 
doublet (dd), or a double triplet (dt), etc. 
Infrared spectra were recorded on a Perkin Elmer FTAR Paragon 2001 Fourier 
transform spectrometer, on NaCI plates as thin films, of pure liquid, deuteriochloroform 
solution or Nujol® mulls. 
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Mass spectra were recorded on a Jeol-SXI02. Ionisation was either by fast atom 
bombardment, or electron impact. 
Melting points were recorded on a Leica Galen m instrument, the melting points 
are uncorrected. Elemental analyses were perfonned on a Perkin Elmer 2400 CHN 
elemental Analyser. 
Chromatography. 
Flash chromatography was perfonned on Merck Kieselgel 60 H silica and flash 
silica 40-60J.l supplied by Fluorochem limited. Pressure when required was applied at the 
column head using hand bellows. Samples were applied as liquids, saturated solutions of 
the appropriate solvent system, or pre-adsorbed onto flash silica gel. Analytical thin layer 
chromatography was perfonned on aluminium backed plates coated with Merck kiese\ge\ 
60 GF2s4, the plates were visualised under UV light or stained with iodine or potassium 
pennanganate. 
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prop-2-yn-l-oI4-methylbenzene sulfonate (384).84 
~-o-
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To a flask containingpara-toluenesulfonyl chloride (4.56 g, 5.88 mmol) was added 
anhydrous diethyl ether (40 mL) and 2-propyn-I-ol (1.12 g, 20 mmol). After cooling to -
5°C, potassium hydroxide (11.2 g, 0.20 mmol) was added over twenty-five minutes, the 
reaction was then stirred for half an hour. The mixture was poured into ice water (40 mL) 
and the layers separated. The aqueous layer was extracted with diethyl ether, the combined 
organic layers were then dried over dry magnesium sulfate, filtered and the solvents were 
removed by vacuum. The resultant oil was purified by column chromatography on flash 
silica gel, using light petroleum ether/ethyl acetate 85; 15 as the eluant. This gave the 
tosylate (384) (2.3 g, 55%) as colourless oil, the spectra of which corresponds to those in 
the literature.84 Vmax (film)/cm-1 3287, 2132,1597,1369,1177; oH(250 MHz; CDCI3) 2.45 
(3H, s, CH3), 2.48 (lH, t, J 2.5, "'-H), 4.69 (2H, d, J 2.5, CH2), 7.35 (2H, d, J 8.5, aryl), 
7.83 (2H, d, J 8.5, aryl); oc(100 MHz; CDCh) 22.05 (CH2), 57.73 (CH3), 75.73 (C",C), 
77.70 (C"'C), 128.50, 130.26, 133.28, 145.62 (aryl). 
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DiethyI2-prop-2-ynylpropane dioate (385).85 
/"0rO 0 O/'-..... 
" 
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To a flask containing sodium hydride (0.17 g, 7.0 mmol), in dry tetrahydrofuran 
(20 mL) was added diethyl malonate (0.7 mL, 4.3 mmol) drop-wise over fifteen minutes, 
and stirring continued for another half an hour. The mixture was transferred by cannula 
into a flask containing 2-propyn-l-01 4-methylbenzene sulfonate (384) (0.9 g, 4.3 mmol), 
in dry diethyl ether (30 mL). The mixture was refluxed under nitrogen for two days; 
followed by extraction with brine and dichloromethane. The organic layer was then dried 
over anhydrous magnesium sulfate, and filtered. The solvents were removed by vacuum to 
give an oil; the oil was purified by column chromatography on flash silica gel using light 
petroleum ether/ethyl acetate 49:1 as the eluant. Two products were produced, (1.07 g) 
these proved impossible to separate by column chromatography. Vrnax (film)/cm'l 3280, 
2984,2124,1751,1370,1176; oH(250 MHz; CDCh) 1.28 (overlappingt, OCH2CH3), 2.01 
(lH, t, J2.8, "'-H), 2.51 (lH, t, J2.8, =-H, bis alkylated) 2.79 (2H, dd, JYH 7.7 and JXH 2.7, 
HxC",CH2CHy), 2.99 (4H, d, J 2.7, HC",CH2-, bis alkylated malonate), 3.36 (excess 
malonate), 3.56 (lH, t, J7.7, CH), 4.24 (4H, m, OCH2CH3). 
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DiethyI2-prop-2-ynylpropane dioate dicobalt hexacarbonyl (375). 
To a flask containing prop-2-ynyl malonic acid diethyl ester mixture (385) (1.5 g) 
was added dichloromethane (100 mL) and dicobalt octaacarbonyl (1.3 g, 3.8 mmol). The 
mixture was stirred under nitrogen at room temperature for seven hours. The mixture was 
filtered through silica gel and celite, and the liquor was then concentrated to an oil by 
vacuum. The resultant red oil was purified by column chromatography, using flash silica 
gel as the support and light petroleum ether/diethyl ether 9: I as the eluant. This gave the 
complex (375) as a red oil (0.58 g, 24% over two steps).vrnax (film)/cm·1 2479,2092,2019, 
1735,1207,1183; oH(250 MHz; CDCh) 1.29 (6H, t, J7.2, OCH2CH3), 3.48 (lH, m, 2nd 
order coupling, CH), 3.55 (2H, m, 2nd order coupling, CH2), 4.25 (4H, qq, J 7.2, 
OCH2CH3); oc(100 MHz; CDCh) 14.00 (OCH2CH3), 33.16 (CH2), 53.58 (CH), 61.88 
(OCH2CH3), 73.77 (CH alkyne), 91.95 (quaternary alkyne), 168.35 (ester carbonyls), 
199.39 (metal carbonyls); mlz no mass ion observed by FAB or El. 
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DiethyI2-prop-2-ynylpropandioate (377).85 
To a flask containing diethyl 2-prop-2-ynylpropane dioate dicobaIt hexacarbonyl 
(375) (0.48 g, 1.0 mmol) was added HPLC grade acetone (50 mL) and ceric ammonium 
nitrate (1.4 g, 2.5 mmol). The reaction was stirred at room temperature for 8 hours. The 
mixture was then filtered through celite and flash silica gel, using diethyl ether as the 
eluant. This gave the decomplexed ester (385) (0.15 g, 78%) as a yellow oil, the spectra of 
which correspond to the literature values.ss vmax(film)/cm-1 3288,2984,2124, 1736, 1370, 
1176, 1034; oH(250 MHz; CDCh) 1.27 (6H, t, J 7.2, OCH2CH3), 2.01 (lH, t, J 2.8, =-H), 
2.77 (2H, dd, J 28, J 7.6, CH2), 3.56 (lH, t, J 7.6, CH), 4.22 (4H, q, J 7.2, OCH2CH3); 
oc(100 MHz; CDCh) 14.43 (OCH2CH3), 18.79 (=-CH2), 51.54 (CH), 62.23 (OCH2CH3), 
70.78 (-C=C-H), 80.34 (-C=C-H), 168.31 (carbonyls); mlz (El), 198.0892 (M" ClOH1404 
requires 198.0895), 198 (7 %),153 (86),125 (100), 97 (66), 79 (28), 70 (17), 53 (45). 
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DiethyJ2-[(5-oxotricycJo[5.2.1.0.2,6]deca-3,8-dien-4-yJ)methyJ]propane 
dioate (374). 
/'0 
'\-1---' 9 
To a flask containing bicycIo[2.2.1]-hepta-2,5-diene (2.6 mL, 24 mmol) was added 
prop-2-anylmalonic acid diethyl ester dicobalt hexacarbonyl (375) (0.40 g, 0.83 mmol) in 
DCM (50 mL), to which was added 4-methylmorpholine-N-oxide (1.54 g, 6.64 mmol), and 
the reaction was stirred at room temperature for forty minutes. The reaction mixture was 
then filtered through silica gel and celite and the DCM was removed by vacuum to give a 
yellow oil. Purification by column chromatography using flash silica gel as the support and 
light petroleum ether/ethyl acetate 85:15 as the eluant gave the title compound (374) (0.14 
g, 54%) as a yellow oil. Vrnax (film)/cm·1 2979, 1730, 1628, 1233, 1153, 1034; 15H(250 
MHz; CDCI3) 1.17 (lH, d, J9.3, H lOa), 1.25 (6H, t, J7.2, OCH2CH3), 1.35 (lH, d, J9.3, 
H lOb), 2.28 (lH, d, J 8.0, H 6), 2.66 (lH, s, broad, H 2), 2.71 (lH, broad, HI), 2.78 (2H, 
m, CH2), 2.90 (lH, broad, H 7), 3.69 (lH, t, J 8.0, CH on malonate), 4.15 (4H, m, 
OCH2CH3), 6.20 (lH, dd, J 5.5, J 3.0, H 8 or 9), 6.28 (lH, dd, J 3.0, J 5.5, H 8 or 9), 7.25 
(lH, d, J 4.0, H 3); 15c(lOO MHz; CDCh) 14.08, 14.09 (OCH2CH3), 24.74 (CH2, next to 
malonate), 41.09 (C 10),42.95,43.70 (C 1 and C 7), 47.92 (C 2), 50 07 (CH, on malonate), 
52.46 (C 6), 61.55 (OCI-hCH3), 137.12, 13842 (C 8 and C 9), 146.39 (C 4), 161.23 (C 3), 
168.83,168.72 (malonate carbonyls), 208.96 (C 5), one signal coincidental or missing; m/z 
(El) 318.1470 (M\ C1sH220s requires 318.1467), 318 (33 %),273 (26), 226 (77), 207 (34), 
158 (68), 84 (72), 66 (57), 49 (lOO). 
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But-2-yn-l-al dicobalt hexacarbonyl (387).126 
o 
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CO2(CO)6 
To a flask containing 2-butynal diethyl acetal (0.35 mL, 2.2 mmol) was added 
dichloromethane (50 mL) and dicobalt octacarbonyl (0.76 g, 2.2 mmol); the reaction was 
stirred at room temperature for two hours.p-Toluene sulfonic acid (catalytic quantity) and 
water (0.6 mL, 4.4 mmol) were then added. After stirring at room temperature for another 
three hours, under nitrogen, the mixture was filtered through celite and silica gel. The 
solvents were removed by vacuum to produce a red oil. Purification by column 
chromatography on flash silica gel using light petroleum ether/diethyl ether 10:1 as the 
eluant gave the aldehyde (387) (0.69 g, 89%) as a red oil. Vmax (film)/cm·1 2100, 2058, 
2025, 1669; 8H(250 MHz; CD Ch) 2.74(3H, s, CH3), 10.30 (JH, s, CHO); 8c(100 MHz; 
CD Ch) 20.57 (CH3), 87.53 (alkyne), 94.92 (alkyne), 190.69 (aldehyde), 197.96 (metal 
carbonyls); m/z (FAB) 353.8623 (1(, C02ClOH407 requires 353.8621). 
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4-Methyl-5-oxotricyclo[5.2.1.0.2,6Jdeca-3,8-diene-3-carbaldehyde (388). 
~H 0 10 3 1 7" t! o 5 8 
To a flask containing 2-butynal dicobalt hexacarbonyl (387) (0.162 g, 0.45 mmol) 
was added dichloromethane (30 mL), bicyc10[2.2.1 ]-hepta-2,5-diene (0.98 mL, 9.1 mmol) 
and 4-methylmorpholine-N-oxide (0.77 g, 3.32 mmol). The mixture was stirred at room 
temperature under nitrogen for one and a half hours, and then filtered through silica gel and 
celite. The solvents were removed by vacuum and the resultant oil was punfied by column 
chromatography on flash silica gel, using light petroleum ether/ethyl acetate 85:15 as the 
eluant. This gave the title compound (388) (0.03 g, 35%) as a yellow oil. 
Vrnax (film)/cm-1 2983, 1706, 1678, 1442, 1174, 874; oH(250 MHz; CDCh) 1.05 (lH, d, J 
9.6, H 10), 1.43 (lH, d, J9.6, H 10),2.12 (3 H, s, exocyclic methyl), 2.41 (lH, m, H 6), 
2.89 (lH, s br, H 7) 2.97-2.98 (2H, s br, H 1 and H 2 coincident signals), 6.21 (lH, dd, J 
5.5, J 2.8, H 8 or H 9), 6.36 (lH, dd, J 5.5, J 2.8, H 8 or H 9), 10.36 (lH, s, CHO); oc(lOO 
MHz; CDCb) 8.53 (methyl), 42.00 (C 10),43.36 (C 1),44.69 (C 2 or C 7), 46.01 (C 2 or C 
7), 52.90 (C 6), 137.19, 139.43 (C 8 and C 9), 154.04 (C 4), 159.68 (C 3), 190.64 
(aldehyde), 211.36 (C 5); mlz (El) 188.0836 (M', C12H1202 requires 188.0387), 188 (24%), 
160 (45),145 (12), 131 (15), 117 (23), 91 (18),77 (12), 66 (lOO). 
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(E)-Methyl hex-2-en-4-ynoate dicobalt hexacarbonyl (390). 
To a flask containing 2-butynal dicobalt hexacarbonyl (387) (0.79 g, 2.2 mmol) 
was added tetrahydrofuran (50 mL) and (carbomethoxymethyl)triphenyl phosphorane (4.4 
rnmol), and stirred under nitrogen for 2 days. The solvent was removed by vacuum; 
purification by column chromatography on flash silica gel used light petroleum 
ether/diethyl ether 49:1 as the eluant, this gave the complex as a red semi-solid (390) (0.62 
g, 69%). Vrnax (film)/cm-1 2093,2053,2021,1719,1635; I5H(250 MHz; CDCh) 2.70 (3H, s, 
CH3), 3.79 (3H, s, C02CH3), 6.19 (IH, d, J IS, alkene, H 2), 7.80 (lH, d, J IS, alkene, H 
3); 15c(100 MHz; CDCh) 20.92 (methyl), 52.10 (OCH3), 86.66, 97.54 (alkyne), 122.85 
(alkene, C 2),144.54 (alkene, C 3),167.09 (ester carbonyl), 199.20 (metal carbonyls). 
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Methyl (E)-3-(4-methyl-5-oxatricycIo[5.2.1.0.2,61deca-3,8-dien-3-yl)prop-
2-enoate (391). 
o OMe 
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To a flask containing methyl (E)-hex-2-en-4-ynoate dicobalt octacarbonyl (390) 
(0.26 g, 0.64 mmol) dissolved in toluene (60 mL) was added bicyclo[2.2.1]-hepta-2,5-
diene (1.05 mL, 9.8 mmol). The reaction was heated to 70°C and stirred under nitrogen for 
3 hours, then filtered through silica gel and celite. Purification by column chromatography 
used flash silica gel as the stationary phase and light petroleum ether/ethyl acetate 85:15 as 
the eluant. This gave the title compound as a yellow oil (391) (0.031 g, 20%). 
Vrnax (film)/cm"l 2943, 2879, 1706, 1679, 1323, 1291, 1175, 913, 733; 8H(250 MHz; 
CDCh) 1.11 (lH, d, J9.5, H 10), 1.41 (lH, d, J9.5, H 10), 1.90 (3H, s, methyl), 2.42 (lH, 
d, J 5.2, H 6), 2.82 (lH, s, H I or 7), 2.90 (lH, d, J 5.2, H 2), 2.96 (lH, s, H 1 or H 7), 3.84 
(3H, s, C02CH3), 6.25 (lH, dd, J 3.0, J 5.5, C 8 or C 9), 6.39 (lH, dd, J3.0, J 5.5, C 8 or C 
9),6.45 (lH, d, J 16.9, exocyclic alkene), 7.68 (lH, d, J 16.9, exocyclic alkene); 8c(100 
MHz; CDCh) 7.61 (CH3), 41.10 (CH2, CIO), 42.51 (bridge head), 45.93 (bridge head), 
51.07 (C 2 or C 6 or ester methyl), 51.48 (C 2 or C 6, or ester methyl), 122.99 (alkene a to 
ester), 135.58 (alkene ~ to ester), 136.58 (C 8 or C 9),137.06 (C 8 or C 9), 146.01 
(quaternary), 159.88 (quaternary), 165.51 (ester carbonyl), 208.14 (ketone), one signal is 
missing, either C 6, C 2 or the methyl ester; mlz (El) 244.1100 (M+, ClSH1603 requires 
244.1099),244 (42%), 185 (87), 179 (17), 135 (53),91 (37), 81 (35),66 (100). 
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Prop-2-ynyl methane sulfonate (392).90 
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To a flask containing 2-propyn-I-ol (2.9 mL, 60 mmol) was added potassium 
, 
carbonate (9.95 g, 72 mmol) and toluene (100 mL); the reaction was then cooled 0 °C. 
Triethylamine (0.85 mL, 6.0 mmol) and methane sulfonyIchloride (4.6 mL, 72 mmol) were 
added; and the reaction was stirred for I hour. To the mixture was added water; the 
mixture was then extracted with toluene. The organic layer was washed with a 3% aqueous 
sodium sulfate solution, dried with MgS04, and filtered. The solvents were then removed 
by vacuum, to give the mesylate (392) (5.11 g, 63%) as a yellow oil; the spectra of (329) 
corresponds to literature values.90 Vrnax (film)/cm·· 3285,3031, 2942, 2131, 1353, 1176, 
966,928; SH(250 MHz; CDCh) 2.71 (lH, t, J2.5, CH), 4.86 (2H, d, J2.5, CH2), 3.13 (3H, 
s, CH3); Sc(IOO MHz; CDCh) 39.01 (CH3), 57.25 (CH2), 76.80 (quaternary alkyne), 77.95 
(CH a1kyne). 
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4,4-Di(ethyloxy)but-2-ynyl methane sulfonate (393).91 
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To a flask containing prop-2-ynyl methane sulfonate (392) (2.67 g, 20 mmol) was 
added triethyl orthoformate (4.0 mL, 40 mmol) and zinc(II)iodide (1.28 g, 4 mmol). The 
mixture was refluxed for 4 hours; with the ethanol being removed by a Dean and Stark 
apparatus. The mixture was then filtered through celite, and washed with DCM. After the 
removal of solvents by vacuum, purification by column chromatography used flash silica 
gel as the solid support and DCM as the eluant. This gave the acetal (393) (2.2 g, 47%) as 
a yellow oil. V max (film)/cm-1 3423, 3026, 2980, 2207, 1673, 1359, 1178, 1144, 956; 
oH(250 MHz; CDCb) 1.24 (6H, t, J7.2, OCH2CH3), 3.12 (3H, s, CH3), 3.60-3.70 (4H, m, 
OCH2CH3), 4.90 (2H, d, J 1.2, CH2), 5.30 (lH, t, J 1.2, 02CH); oc(100 MHz; CDCI3) 
15.06 (OCH2CH3), 38.93 (CH3), 57.21 (CH2), 61.22 (OCH2CH3), 85.04 (quaternary 
alkyne), 91. 06 (02CH), one alkyne signal missing. 
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Triethyl-5,5-di( ethyloxy)pent-3-yne-l,1,1-tricarboxylate (395). 
~O~ ..---... 0 o 0-/ o = o 0", 
\ 
To a flask containing toluene (40 mL) and dry DMSO (40 mL) was added sodium 
hydride (0.17 g, 4.2 mmol) and triethoxymethane tricarboxylate (1.64 g, 4.2 mmol); this 
mixture was stirred under nitrogen until it had cleared. 4,4-Di(ethyloxy)but-2-ynyl 
methane sulfonate (393) (1.0 g, 4.2 mmol) was added over 15 minutes at room 
temperature, the reaction was then heated to 80°C for 1.5 hours with stirring. Followed by 
dilution with water and extracted with brine and toluene. The organic layer was dried over 
MgS04, filtered, and the solvents were removed by vacuum. Purification by column 
chromatography used flash silica gel and light petroleum ether/ethylacetate 85:15 as the 
eluant. This gave the tricarboxylate (395) (0.24 g, 14%) as a yellow oil. Vmax (film)/cm·1 
2980, 2255, 1743, 1272, 1201, 1157, 1101, 860; IiH(250 MHz; CDCh) 1.20 (6H, t, J 7.1, 
OCH2CH3 acetal), 1.31 (9H, t, J7.1, OCH2CH3 tricarboxylate), 3.06 (2H, d, J 1.4, CH2), 
3.50-3.69 (4H, m, OCH2CH3, acetal), 4.28 (6H, q, J 7.1, OCH2CH3, tricarboxylate), 5.21 
(!H, t, J 1.4, 02CH); mlz (El) 372.1778 (M+, C18H2808 requires 372.1784), 343 (5%), 327 
(100),299 (24), 269 (18), 253 (34),253 (34),208 (9), 197 (13),181 (23), 153 (27). 
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4-{[1-(1,1-Dimethylethyl)-l,l-dimethylsilyl]oxy} but-2-yn-l-ol (397).95 
4 2 OH 
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To a flask containing 2-butyne-l,4-diol (1.29 g, 15 mmol) was added THF (50 mL) 
this was stirred until it had dissolved at 0 °C. DMAP (0.18 g, 1.5 mmol) and triethylamine 
(1.5 mL, 11 mmol) were added. After fifteen minutes of stirring TBDMSCl (1.51 g, 10 
mmol) was added. Stirring continued overnight under a nitrogen atmosphere. The reaction 
was diluted with water, extracted with DCM and dried over MgS04 then filtered; the 
solvents were then removed by vacuum. Purification by column chromatography on flash 
silica gel used ethyl acetate/light petroleum ether 15:85 as the eluant. This gave the 
mono protected diol (397) (1.91 g, 96%) as a colourless oil, the spectra of (397) 
corresponds to the literature values. 9S Vmax (fiIrn)/cm-1 3330, 2930, 2858, 1362, 1256, 1133, 
1006, 837; oH(250 MHz; CDCh) 0 12 (6H, s, Si(CH3)2), 0.91 (9H, s, CCCH3)3), 2.20 (lH, s 
br, OH), 4.29 (2H, br d, J 6.4, OCH2Si), 4.35 (2H, t, J2.1, CH20H); oc(100 MHz; CDCh), 
5.15, (Si(CH3h), 18.36 (CCCH3)3), 25.73 (CCCH3)3) 51.01 (CH2, C 4), 51.79 (CH2, Cl), 
83.16 (alkyne), 84.32 (alkyne); mlz (El), 199.1154 (~-H, CIOH200 2Si requires 
199.1152),199 (4%),157 (9),143 (60), 125 (100), III (57),75 (100), 57 (69). 
165 
Methyl (E)-6-{[1-(1 ,l-dimethylethyl)-l,l-dimethylsilyl]oxy} hex-2-en-4-
ynoate (398).98 
To a flask containing 4-{ [1-(1, I-dimethylethyl)-I, I-dimethylsilyl]oxy} but-2-yn-l-
01 (397) (1.91 g, 9.56 mmol) in dry DCM (10 mL) was added dry DMSO (1.5 mL, 21 
mmol). After cooling to -78°C oxalyl chloride (0.18 mL, 1.35 mmol) was added, and 
when the temperature reached -55°C triethylamine (0.85 mL, 6.15 mmol) was added. 
Stirring under nitrogen continued until room temperature was reached. The reaction 
mixture was then poured into a THF solution of (carboxymethoxymethyl)triphenyl 
phosphorane, with the ylide was in three-fold excess (8.5 g 28.5 mmol). The mixture was 
stirred at room temperature overnight. The solvents were removed by vacuum and the 
mixture was purified by column chromatography on flash silica gel using light petroleum 
ether/ethyl acetate 39: 1 as the eluant. This gave the enynoate (398) (1.33 g, 55%) as a clear 
oil. Vmax (film)/cm·( 2215, 1728, 1621, 1436, 1308, 1262, 1154, 1087,837; oH(250 MHz; 
CDCh), 0.11 (6H, s, Si(CH3h), 0.89 (9H, s, SiC(CH3)3), 3.73 (3H, s, C02CH3), 4.45 (2H, 
d, J 1.4, CH2), 6.17 (!H, d, J 16.0, J 1.4, alkene CH, H 2),6.80 (!H, dt, J 16.0, J 1.4, 
alkene CH, H 3); oc(IOO MHz; CDCh), -5.14 (Si(CH3)2), 18.31 (C(CH3)3), 25.80 
(C(CH3)3), 51.86 (OCH3), 52.18 (CH2), 97.40 (alkyne), 81.73 (alkyne), 125.07 (alkene), 
129.99 (alkene), 166.22 (C=O); mlz (El), 254.1335 (M\ C13H2203Si requires 254.1338); 
254 (0.5%),197 (66),168 (14),167 (100),89 (4), 75 (6). 
166 
(E)-6-{[I-(I,I-dimethyJethyJ)-I,I-dimethyJsilyJ] oxy} hex-2-en-4-ynoate 
(414). 
To a flask containing dry diethyl ether (10 mL) was added lithium aluminium 
hydride (0.10 g, 2.6 mmol), which was cooled to -60 °C. Methyl (E)-6-{[1-(1,1-
dimethylethyl)-I,I-dimethylsilyl]oxy}hex-2-en-4-ynoate (398) (0.67 g, 2.6 mmol) diluted 
in dry diethyl ether (10 mL) was added by injection through a septum. Stirring at -60 °C 
continued for one hour followed by quenching with ethyl acetate and methanol at -60 °C. 
Water (a few drops) was added at room temperature followed by potassium carbonate, to 
cause flocculation. The mixture was then filtered through celite, and the solvents were then 
removed by vacuum. Purification by column chromatography on flash silica gel used light 
petroleum ether/ethyl acetate 85:15 as the eluant. This gave the alcohol (414) (0.45 g, 
76%) as a yellow oil. Vrnax (film)/cm'\ 3356,2217, 1471, 1363, 1255, 1164, 1085,837; 
oH(250 MHz; CD Cb), 0.12 (6H, s, Si(CH3)2), 0.91 (9H, s, SiC(CH3)3), 1.62 (lH, br s, OH), 
4.21 (2H, br d, J 4.2, CH2), 4.42 (2H, d, J 1.8, SiOCH2), 5.76 (lH, obs, dp, J 1.8, J 15.7, 
alkene H 3), 6.22 (lH, dt, J 15.8, J 5.1, alkene H 2); oc(100 MHz; CDCb), -5.10 
(Si(CH3)2), 18.34 (C(CH3)3), 25.85 (C(C1h)J), 52.50 (CH20H), 62.92 (SiOCH2), 8866 
(alkyne), 82.69 (alkyne), 110.16 (alkene), 141.75 (alkene); mlz (El) 226.1393 (W, 
C lOH220 2Si requires, 226.1389), 224 (1%),169 (23),167 (31),140 (8), 139 (70),138 (8), 
137 (57), 83 (8), 75 (lOO). 
167 
Methyl (2E,4E)-8-{[I-(I,I-dimethylethyl)-I,I-dimethylsilyl] oxy}octa-2,4-
dien-6-ynoate (415). 
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To a flask containing (E)-6-{[I-(1 ,1-dimethylethyl)-1,I -dimethylsiIyIJoxy} hex-2-
en-4-yn-l-01 (414) (0.27 g, 1.0 mmol) was added DCM (17 mL). This was cooled to -78 
cC; DMSO was added and stirred for 15 minutes. Oxalyl chloride (0.1 mL, 1.1 mmol) was 
then added. Once the temperature reached -55°C triethylamine (0.7 mL, 5.0 mmol) was 
added. Upon reaching -10°C the reaction mixture was poured into a THF (40 mL) 
solution of the ylide (methoxycarbonylmethyl) triphenylphosphorane (1 g, 3 mmol). The 
reaction was stirred at room temperature overnight. The solvents were then removed by 
vacuum. Purification by column chromatography on flash silica gel used light petroleum 
ether/ethyl acetate 18:1 as the eluant. This gave the dienynoate (415) (0.22 g, 79%) as a 
bright yellow oil. Vrnax (fiIm)/cm·1 2929, 2856,1723,1624,1436,1330,1261,1235,1176, 
1135, 1084; oH(250 MHz; CDCb), 0.12 (6H, s, Si(CH3)z), 0.91 (9H, s, C(CH3)3), 3.74 (3H, 
s, COOCH3), 4.46 (2H, d,J2.1, CHz), 5.93 (lH, d,J15.2, H 2),5.97 (lH, dt, J15.5, J2.1, 
H 5), 6.60 (lH, dd, J 15.5, J 15.7, H 4), 7.20 (lH, dd, J 15.2, J 15.7, H 3); oc(100 MHz; 
CDCb), -5.13 (Si(CH3)z), 18.33 (C(CH3)3), 25.82 (C(CH3)3), 51.68 (OCH3), 52.25 (CHz), 
83.29 (alkyne), 94.66 (alkyne), 119.2, 122.66, 138.61, 143.14 (alkene), 166.95 (carbonyl); 
mlz (El), 280.1490 (M+ CISHZ403Si requires 280.1494), 280 (6%), 249 (17), 223 (100),209 
(16),193 (100), 163 (19), 133 (18), 118 (14), 89 (100). 
168 
Methyl (2E,4E)-8-hydroxyocta-2,4-dien-6-ynoate (416). 
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To a flask containing methyl (2E,4E)-8-{[I-(I,I-dimethylethyl)-I,I-
dimethylsilyl]oxy}octa-2,4-dien-6-ynoate (415) (0.275 g, 098 mmol) was added THF (20 
mmol) and TBAF 1 M solution in THF (0.98 mL, 0.98 mmol). This was shook by hand 
producing an immediate purple colour. The reaction was diluted with water (20 mL) giving 
a two-phase system. Extraction used DCM, which was dried over magnesium sulfate. The 
solvents were filtered and removed by vacuum, this gave a dark brown residue. This was 
re-dissolved in a 1: 1 mixture of DCM and light petroleum ether, to give a cloudy 
suspension. The flask was tapped; this caused an oily deposit to form on the bottom of the 
flask. The supematant was then decanted. The solvents were removed by vacuum to give 
the alcohol (416) (0.080 g, 49%) as an unstable yellow-orange wax. Mp 28-30 °C; Vrnax 
(CDCh)/cm·1 3299, 1717, 1624, 1434, 1249, 1139, 726; IiH(250 MHz; CDCh), 1.76 (lH, 
br s, OH), 3.75 (3H, s, OCH3), 4.43 (2H, br s, CH2), 5.94 (lH, d, J 15.5, H 2), 5.99 (lH, dt, 
J 15.5, J2.1, H 3),6.65 (lH, dd, J 15.7, J 15.5, H 4),7.25 (lH, dd, J 15.5, J 15.7, H 3); 
Iic(100 MHz; CDCh), 51.49 (Gb), 51.8 (OGi), 83.87 (alkyne), 94.20 (alkyne), 119.17, 
122.84, 138.94, 143.13 (alkene), 167.13 (carbonyl); mlz (En 166.0631, (M+, C9HlO03 
requires 166.0630), 166 (9%),166 (66), 142 (17),135 (34),106 (68), 91 (32),77 (lOO), 59 
(23), 51 (35). 
169 
4-{[1-(1,1-dimethylethyI)-1 ,1-dimethyIsiIyI] oxy} but-2-ynyI methane 
sulfonate (408).101 
To a flask containing 4-{[I-(I,I-dimethylethyl)-I,I-dimethylsiIyl]oxy}but-2-yn-l-
01 (397) (0.52 g, 2.62 mmol) was added toluene (15 mL) and triethylamine (1.1 mL,7.86 
mmol). After cooling to 0 °C, methane sulfonyl chloride (0.31 mL, 3.93 mmol) was added 
under a nitrogen atmosphere. The reaction was stirred overnight, then diluted with water 
and extracted with DCM. The solvents were dried over MgS04, filtered, and then removed 
by vacuum. Purification by column chromatography on flash silica gel used light 
petroleum ether/ethyl acetate 85: 15 as the eluant. This gave the mesylate (408) (0.53 g, 
76%) as a transparent oil. Vmax (film)/cm-1 2932, 2858, 1364, 1265, 1177, 1143, 1085, 838; 
<>H(400 MHz; CDCb), 0.11 (6H, s, Si(CH3)2), 0.90 (9H, s, C(CH3)3), 3.11 (3H, s, S03CH3), 
4.36 (2H, t, J 2.0, CH20Si), 4.88 (2H, t, J 2.0, CH20S03); <>c(100 MHz; CDCb), -4.85 
(Si(CH3)2), 18.65 (C(CH3)J), 26.13 (C(CH3)J), 39.39 (03SCH3), 51.91 (CH20Si), 58.17 
(CH20S03), 86.99 (C=C), one alkyne signal is missing, or coincident. 
170 
Diethyl 2-( 4-{[1-(1 ,1-dimethylethyl)-1,1-dimethylsilyIJ oxy} but-2-ynyl)-2 
prop-2-enyl propane dioate (409). 
4 
To a flask containing diethyl allyl malonate (0.9 mL, 4.5 mmol) was added THF 
(40 mL) and sodium hydride 60% dispersion (0.18 g, 4.5 mmol); this was stirred under 
nitrogen until it had cleared. 4-{[1-(l, I-dimethylethyl)-I, I-dimethylsilyl]oxy} but-2-ynyl 
methane sulfonate (408) (1.20 g, 4.5 mmol) diluted in THF (4 mL) was injected through a 
septum. The reaction was stirred at room temperature for 34 hours. The mixture was 
diluted with water and extracted with DCM. Purification by column chromatography used 
flash silica gel as the support and light petroleum ether/ethyl acetate 19: I as the eluant. 
This gave the malonate derivative (409) (0.84 g, 49%) as a transparent oil. Vmax (film)/cm-1 
2991, 2858, 2253, 1763, 1642, 1464, 1287, 1191, 1081, 837; oH(250 MHz; CDCh), 0.08 
(6H, s, Si(CH3h), 0.88 (9H, s, SiC(CH3)3), 1.23 (6H, t, J 7.2, OCH2CH3), 2.76 (2H, d, J 
7.4, CH2allylsi), 2.81 (2H, t,J2.1, CH2,H 1),4.17 (4H, t,J7.2, OCH2CH3),4.26 (2H, 
t, J2.1, CH2, H 4),5.12 (2H, m, CH2 allyl si), 5.60 (lH, m, allyl); oc(100 MHz; CDCh),-
4_91 (Si(CH3)2), 14.31 (OCH2CH3), 19.00 (SiqCH3)3), 23.29 (CH2 Sp3 allyl), 26.08 
(C(CH3)3), 29.95 (CH2, Cl), 52.03 (CH2, C 4), 57.00 (quaternary), 61.76 (OCH2CH3), 
79.95 (C=C), 8205 (C=C), 119.75 (CH2, si, allyl), 132.32 (CH, allyl), 170.00 (carbonyl); 
m/z (En, 381.2101, (M+-H, C2oH330sSi requires 381.2097), 381 (4%), 339 (9), 325 (46), 
307 (9), 265 (13),223 (17),163 (27), 153 (56),103 (40), 91 (52),75 (lOO). 
171 
DiethyI2-(4-hydroxybut-2-ynyl)-2-prop-2-enyl propane dioate (410). 
4 
HO 
To a flask containing diethyl 2-(4-{[l-(I,I-dimethylethyl)-l,1-
dimethylsilyl]oxy}but-2-ynyl)-2-prop-2-enyl propane dioate (409) (0.56 g, 1.47 mmol) 
was added THF (30 mL) and TBAF 1 M THF solution (1.47 mL, 1.47 mmol). The reaction 
was stirred under nitrogen for 3 days. Followed by dilution with water and extraction with 
DCM; the organic layer was dried over MgS04 and then filtered. Purification by column 
chromatography used flash silica gel and light petroleum ether/ethyl acetate 1: 1 as the 
eluant. This gave the alcohol (410) (0.35 g, 89%) as a transparent liquid. Vmax (film)/cm·1 
3467,2982,2226,1734,1641,1443,1292,1216,1131,926; oH(250 MHz; CDCh), 1.25 
(6H, t, J7.2, OCHzCH3), 2.78 (2H, d, J7.4, CHz, si, allyl), 2.82 (2H, t, J2.1, CHz, HI), 
4.21 (4H, q,J7.2, OCH2CH3), 4.20 (2H, CH2, H 4),5.15 (2H, m, CHz allyl), 5.63 (lH, m, 
CH allyl); oc(100 MHz; CD Ch), 14.44 (OCH2CH3), 23.27 (CHz si allyl), 36.86 (CHz, C 
1),51.50 (CH2, C 4), 57.17 (quaternary), 62.04 (OCHzCH3), 81.02 (C=C), 82.00 (C=C), 
120.15 (CH2, Sp2, allyl), 132.14 (CH, allyl), 170.25 (carbonyl). 
172 
6,6-diethyl (1E)-I-methylnona-l,8-dien-3-yne-l,6,6-tricarboxylate (411). 
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To a schlenk flask containing dry DCM (5 mL) at -78°C was added dry DMSO 
(0.21 mL, 2.89 mmol) and oxalyl chloride (0.13 mL, 1.45 mmol) this was stirred under 
nitrogen for 30 minutes. Diethyl 2-(4-hydroxybut-2-ynyl)-2-prop-2-enyl propane dioate 
(410) (0.35 g, 1.31 mmol) diluted in dry DCM (0.75 mL) was then injected through the 
septum over 30 minutes. The temperature was raised to --45 cC, triethylamine (0.91 mL, 
6.56 mmol) was then injected and the reaction was raised to room temperature. 
(Carboxymethoxymethyl)triphenylphosphonium bromide (5.35 g, 13.13 mmol) was 
dissolved in water, excess sodium hydroxide pellets were added, the white precipitate that 
formed was extracted with DCM, then dried over MgS04 and filtered. Removal of solvents 
gave a white solid, this was dissolved in THF (50 mL). The Swem reaction mixture was 
added to this flask and the mixture was stirred for 14 hours. The solvents were removed by 
vacuum and the mixture was purified by colunm chromatography on flash silica gel using 
light petroleum ether/ethyl acetate 85: 15 as the eluant. This gave unsaturated ester (411) 
(0.18 g, 43%) as a colourless liquid.vrnax (film)/cm-1 2982, 2219,1733, 1621, 1463,1215, 
1163; oH(250 MHz; CDCh), 1.86 (6H, t, J7.2, OCH2CH3), 2.71 (2H, d, J7.6, CH2, H 7), 
2.91 (2H, d, J2.1, CH2, H 5), 3.67 (3H, s, C02CH3), 4.14 (4H, q, J 7.2, OCH2CH3), 5.05 
(2H, m, CH2, H 9), 5.56 (lH, rn, H 8), 6.09 (lH, d, J 15.9, HI), 6.70 (lH, t, J 15.9, J2.1, 
H 2); oc(100 MHz; CDCh), 14.44 (OCH2CH3), 24.23 (CH2, C 7), 37.06 (CH2, C 5), 52.17 
(CH3 ester), 57.13 (q, C 6), 62.12 (OCH2CH3), 80.79 (C=C, C 4), 94.94 (C=C, C 3), 
120.32 (CH2, C 9), 125.78 (CH, Cl), 131.99 (CH, C 8), 133.78 (CH, C 2), 166.66 
(carbonyl), 169.93 (carbonyl); mlz (El) 322.1412 ~, C17H2206 requires 322.1416) 322 
(6%),293 (24),277 (11), 249 (27), 235 (38),219 (35), 203 (30), 189 (37), 175 (lOO), 115 
(85). 
173 
Diethyl (E)-2-[6-oxohept-4-en-2-ynyl]-2-prop-2-enyl propane dioate 
(418). 
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To a flask containing diethyl 2-( 4-hydroxybut-2-ynyl)-2-prop-2-enyl propane 
dioate (410) (0.974 g, 3.6 mmol) was added DCM, followed by cooling to -78°C. DMSO 
(0.60 mL, 8.0 mmol) was added; the reaction was stirred for fifteen minutes. Oxalyl 
chloride (0.35 mL, 4.0 mmol) was then added and the temperature was allowed to rise. 
Once the temperature had reached -55°C triethylamine (2.78 mL, 20 mmol) was added. 
At _lOoC the Swern reaction mixture was poured into a THF (50 mL) solution of 
(acetylmethylene)triphenylphosphorane (1.27 g, 4.0 mmol), which was stirred at room 
temperature for two days. The solvents were removed by vacuum and purification by 
column chromatography on flash silica gel used light petroleum ether/ethyl acetate 4: 1 as 
the eluant. This yielded the enynone (418) (0.69 g, 63%) as a yellow-green oil. Vmax 
(film)/cm·t 2982,2217,1735,1693,1676,1597,1365,1215, 1194; oH(250 MHz; CD Ch), 
1.22 (6H, t, J 7.4, OCH2CH3), 2.21 (3H, s, CH3), 2.73 (2H, d, J 7.4, CH2 si allyl), 2.94 
(2H, d, J 1.8, CH2, HI), 4.17 (4H, q, J7.4, OCH2CH3), 5.10 (2H, m, CH2, si allyl), 5.55 
(lH, m, allyl), 6.33 (lH, d, J 16.0, CH, H 5), 6.50 (lH, dt, J 16 0, J 1.8, CH, H 4); oc(lOO 
MHz; CD Ch), 13.96 (OCH2CH3), 23.81 (allyl CH2), 27.32 (CH3, C 7), 36.64 (CH2, Cl), 
56.61 (quaternary), 61.62 (OCH2CH3), 80.67 (alkyne), 95.67 (alkyne), 119.84 (CH2 allyl), 
123.73 (alkene, CS), 131.51 (CH allyl), 138.20 (alkene, C 4 ), 169.39 (ester carbonyl), 
196.93 (ketone); mlz (El) 306.1461, (M" C17H220 S requires 306.1467), 306 (1%), 277 
(25),261 (5),232 (60), 219 (8), 203 (16), 187 (14),159 (42),115 (20),109 (26), 43 (100). 
174 
Diethyl (E)-2-[6-oxohept-4-en-2-ynyl]-2-prop-2-enyl propane dioate 
dicobalt hexacarbonyl (419). 
7 
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To a dried flask containing diethyl (E)-2-[6-oxohept-4-en-2-ynyl]-2-prop-2-enyl 
propane dioate (418) (0.425 g, 1.48 mmol) in DCM (60 mL) was added dicobalt 
octacarbonyl (0.56 g, 1.63 mmol). This was stirred for 16 hours at room temperature under 
nitrogen. The residue was adsorbed on to silica gel and purified by column 
chromatography on flash silica gel using light petroleum ether/diethyl ether 19: 1 as the 
eluant. Removal of the solvents gave decomposition of part of the mixture, and resulted in 
the evolution of white fumes. The reaction gave the complex (419) (0.18 g, 21%) as a red 
oil. Vmax (fiIm)/cm·\ 2984, 2056, 2026, 1733, 1670, 1670, 1252, 1212; oH(250 MHz; 
CDCh), 1.23 (6H, t, J 7.2, OCH2CH3), 2.02 (3H, s, CH3), 2.73 (2H, d, J 7.4, CH2 allyl), 
3.65 (2H, s, CH2, Cl), 4.10 (4H, q, J7.2, OCH2CH3), 5.15 (2H, m, CH2 allyl), 5.70 (lH, 
m, CH allyl), 6.30 (lH, d, J 15.0 alkene), 7.73 (lH, d, J 15.0 alkene); oc(100 MHz; 
CDCh), 14.44 (OCH2CH3), 28.18 (CH3), 37.56 (CH2, Cl or CH2 allyl), 38.59 (CH2, Cl or 
CH2 allyl), 58.71 (quaternary) 62.17 (OCH2CH3), 88.59 (alkyne), 95.07 (alkyne), 120.27 ( 
=CH2, allyl), 131.95 (allyl CH or alkene CH, C 5), 132.14 (allyl CH or alkene CH, C 5), 
143.95 (alkene, C 4),170.37 (ester carbonyls), 197.69 (ketone), 198.86 (metal carbonyls); 
rn/z (FAB) 592.9893 (M' + H, C02C23H23011 requires 592.9804), 593 (5%), 559 (4), 539 
(14),509 (10), 481 (16),452 (93), 423 (100),365 (20). 
175 
Diethyl (4E)- 2-prop-2-enyl-2-( 6-{[1 ,1,1-tri(1-methylethyl)silyI)oxy} hepta-
4,6-dien-2-ynyl) propane dioate dicobaIt hexacarbonyI (420). 
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To a flask containing diethyl (E)-2-[(6-oxohept-4-en-2-ynyl]-2-prop-2-enyl 
propane dioate dicobalt hexacarbonyl (419) (0.18 g, 0.31 mmol) was added DCM (40 mL) 
and triethylamine (0.16 mL, 2.2 mmol). To which was added 
triisopropylsilyltrifluoromethane sulfonate (0.1 mL, 0.6 mmol), the mixture was then 
stirred for 24 hours. The solvents were removed by vacuum and the residue was purified 
by column chromatography on flash silica gel using light petroleum ether/diethyl ether 
19:1 as the eluant. This gave the silyl-eno ether (420) (0.077 g, 32%) as a brown semi-
solid. Vmax (film)/cm·1 3469, 2945, 2090, 2053, 2024, 1850, 1736, 1465, 1258, 1051; 
liH(250 MHz; CDCh), 1.05-1.31 (2lH, m, 'Pr), 1.23 (6H, t, J7.2, OCH2CH3), 2.76 (2H, d, 
J 6.9, CH2 allyl), 3.67 (2H, s, CH2, HI), 4.20 (4H, dd, J7.2, J 11.1, OCH2CH3), 4.44 (2H, 
d, J 8.5, CH2, H 7), 5.12 (2H, m, H2C=C allyl), 5.70 (lH, m, allyl), 6.27 (lH, d, J 14.4, 
alkene), 7.11 (lH, d, J 14.4, alkene); licCI00 MHz; CDCh), 12.38, 12.67, 13.78 (CH, 'Pr), 
14.30, 15.63 (OCH2C1I3), 18.07, 18.38, 18.51 (CH3, 'Pr), 35.78 (CH2 allyl or CH2, Cl), 
37.11 (CH2 allyl or CH2, Cl), 57.52 (quaternary), 6D.62, 64.83 (OC1I2CH3), 91.25 
(alkyne), 95.68 (CH2, diene), 118.62 (CH2, allyl), 125.49 (CH, C 4 or C 5), 130.96 (CH, 
allyl), 132.11 (CH, C 4 or C 5), 154.10 (q, C 6), 169.05 (ester carbonyls), 198.22 (metal 
carbonyls), one alkyne signal is missing, or coincident; m/z (FAB), 692.1262 (M+ -2 CO, 
C02C30~209Si requires 692.1251), 723 (4%), 692 (6), 636 (17), 608 (60), 580 (36), 537 
(16), 490 (27), 287 (69), 245 (47). 
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l,l-Diethyl (E)-4-methylbut-3-ene-I,I,4-tricarboxylate (423). 
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A flask containing diethyl allyl malonate (2.0 g, 10 mmol) in DCM (30 mL) was 
cooled to -78 DC. Oxygen and then ozone were bubbled through until the reaction mixture 
turned purple. Oxygen was then bubbled through until the colour was discharged. Excess 
DMS (3 mL, 57 mmol) was added and the reaction was warmed to room temperature. The 
DCM was removed by vacuum and a solution of the ylide formed from 
(methoxycarbonylmethyl)triphenyl phosphonium bromide (4.15 g, 10 mmol) in THF (70 
mL) was poured into the flask, and stirred overnight at room temperature. The THF was 
removed by vacuum and the mixture was purified by column chromatography on silica gel 
using light petroleum ether/ethyl acetate 4: 1 as the eluant. This gave the malonate ester 
(423) (0.93 g, 36%) as a clear oil. Vrnax (film)/cm·l 2984, 1731, 1661, 1270, 1155, 1034; 
oH(250 MHz; CDCb), 1.25 (6H, t, J 7.2, OCH2CH3), 2.77 (2H, dt, J 7.3, J 1.6, CH2, H 2), 
3.46 (lH, t, J7.3, CH, HI), 3.71 (3H, s, OCH3), 4.20 (4H, q,J7.2, OCH2CH3), 5.88 (lH, 
dt, J 15.6, J 1.6, CH, H 4), 6.88 (lH, dt, J 15.6, J 7.3, CH, H 3); oc(lOO MHz; CDCb), 
14.40 (OCH2CH3), 31.45 (CH2, C 2), 51.04 (CH, Cl), 51.91 (CH3), 62.10 (OCH2CH3), 
123.80 (CH, C 4), 144.50 (CH, C 3), 166.80 (carbonyl) 168.68 (carbonyl); mlz (El), 
258.1107 (M+, CI2H1S0 6 requires 258.1103), 258 (4%), 227 (10), 212 (48),181 (37), 166 
(100), 153 (21), 125 (37), 111 (48),97 (36), 81 (23),49 (24). 
177 
4,4-Diethyl (E)-I-methyl-8-{ [1-(I,I-dimethylethyl)-1 ,1-
dimethylsilyl] oxy}oct-l-en-6-yne-l,4,4-tricarboxylate (424). 
o 
80 0 
/ 
To a dry flask containing NaH 60 % mineral oil dispersion (0.15 g, 3.75 mmol) was 
added THF (50 mL) and I,I-Diethyl (E)-4-methylbut-3-ene-I,I,4-tricarboxylate (423) 
(0.93 g, 3.75 mmol), this was stirred at room temperature until the mixture cleared. The 
reaction temperature was lowered to O°C, and 4-{[I-(I,I-dimethylethyl)-I,I-
dimethylsilyl}oxy}but-2-ynyl methane sulfonate (408) (1.25 g, 45 mmol) was added. The 
reaction was stirred for 16 hours at room temperature. The mixture was diluted with water 
and extracted with DCM. The DCM was dried with magnesium sulfate, filtered and then 
removed by vacuum. The residue was purified by column chromatography on silica gel 
using light petroleum ether/ethyl acetate 85:15 as the eluant. This gave the alkyne-
malonate (424) (0.80 g, 51%) as a yellow oil. Vrnax (fiIm)/cm-1 2982, 2234, 1732, 1660, 
1438, 1275, 1192; IiH(250 MHz; CDCh), 0.09 (6H, s, Si(CH3)2), 0.88 (9H, s, C(CH3)3), 
1.24 (3H, t, J7.I, OCH2CH3), 2.83 (2H, t, J 1.0, H 5), 2.92 (2H, d, J7.8, CH2, H 3), 3.71 
(3H, s, OCH3), 4.19 (4H, q, J7.1, OCH2CH3), 4.26 (2H, t, J 1.0, CH2, H 8), 5.94 (!H, d, J 
15.5, HI), 6.78 (!H, dt, obs pentet, J 15.5, J 7.8, H 2); Iic(lOO MHz; CDCh), -4.85 
(Si(CH3)2), 14.39 (OCH2CH3), 18.61 (SiqCH3)3), 23.76 (CH2, C 5), 26.14 (C(CH3)J), 
35.33 (CH2, C 3), 51.87 (OCH3), 52.06 (CH2, C 8), 56.88 (quaternary), 62.25 (OCH2CH3), 
79.24 (alkyne), 82.84 (alkyne), 125.45 (alkene, Cl), 142.72 (alkene, C 2), 166.57 
(carbonyl), 169.59 (carbonyl); m/z (El), 440.2223 (M\ C22H3607Si requires 440.2230), 
440 (1 %),425 (27), 409 (30), 397 (9), 395 (27),384 (100), 277 (99), 277 (100), 253 (80), 
175 (90). 
178 
4,4-Diethyl (E)-1-methyl-8-hydroxyoct-l-en-6-yne-l ,4,4-tricarboxylate 
(425). 
°4° 
./""-0 O/"..... 
5 3 
7 11 ~ 1 
To a flask containing 4,4-Diethyl (E)-I-methyl-8-{[I-(l,I-dimethylethyl)-I,I-
dimethylsilyl]oxy}oct-l-en-6-yne-l,4,4-tricarboxylate (424) (0.75 g, 1.71 mmol) was 
added THF (25 mL) and TBAF, 1 M THF solution (2.0 mL, 2 mmol). After stirring at 
room temperature for 16 hours the mixture was diluted with water and extracted into 
DCM. The organic layer was dried with magnesium sulfate, filtered and the solvents were 
removed by vacuum. The residue was purified by column chromatography on silica gel 
using light petroleum/ethyl acetate 85:15 as the eluant. This gave the alcohol (425) (0.56 g, 
100%) as a colourless oil. Vrnax (film)/cm-1 3478, 1731, 1659, 1437, 1278, 1194, 1017; 
oH(250 MHz; CDCh), 1.25 (6H, t, J7.2, OCH2CH3), 1.92 (lH, br, OH), 2.83 (2H, s, CH2, 
H 5), 2.90 (2H, d, J 7.6, CH2, H 3), 3.74 (3H, s, OCH3), 4.22 (4H, q, J 7.2, OCH2CH3), 
5.93 (lH, d, J 15.7, HI), 6.85 (lH, pentet, J 15.7, J 7.6, H 2) C 7 CH2 signal missing; 
oc(IOO MHz; CDCh), 14.41 (OCH2CH3), 26.15 (CH2, C 5), 35.66 (CH2, C 3), 51.33 
(CH20H), 52.04 (OCH3), 56.92 (quaternary), 62.42, 6229 (OCH2CH3), 80.37, 82.86 
(alkyne), 125.22 (alkene, Cl), 143.05 (alkene, C 2), 166.88 (ester carbonyl), 169.71 
(malonate carbonyls); mlz (El), 326.1375 (M" Cl6H2207 requires 326.1365), 326 (1%), 
322 (4), 309 (26), 308 (100), 295 (16), 253 (43),235 (51), 221 (27), 193 (30), 175 (46), 
147 (71),119 (48). 
179 
4,4-Diethyl (lE,8Z)/(lE,8E)-1-methyl-l O-oxoundeca-l ,8-dien-6-yne-l,4,4-
tricarboxylate (426). 
To a flask containing 4,4-Diethyl (E)-I-methyl-8-hydroxyoct-l-en-6-yne-l,4,4-
tricarboxylate (425) (0.56 g, 1.71 mmol) was added DCM, which was then cooled to -
78°C. DMSO (0.28 mL, 4.0 mmol) was added and stirred for another fifteen minutes. 
Oxalyl chloride (0.18 mL, 2.0 mmol) was added and the temperature was allowed to rise. 
Once the temperature had reached -55°C triethylamine (0.7 mL, 9.1 mmol) was added. At 
-20°C the Swem mixture was poured into a THF solution of 
(acetylmethylene)triphenylphosphorane (064 g, 2.0 mmol). The reaction was stirred at 
room temperature for two days. The solvents were then removed by vacuum and 
purification by column chromatography on flash silica gel used light petroleum ether/ethyl 
acetate 85:15 as the eluant. This gave the enynoate (426) (036 g, 58%) as a yellow oil as 
an inseparable mixture of ElZ isomers in a 6: 1 ratio. Vrnax (film)/cm-1 2983, 2217, 1733, 
1693, 1697, 1437, 1364, 1277, 1194; E isomer; ()H(250 MHz; CDCh), 1.25 (6H, t, J 7.2, 
OCH2CH3), 2.25 (3H, s, CH3), 2.90 (2H, dd, J 7.6, J 2.1, CH2, H 3), 2.98 (2H, d, J 2.1, 
CH2, H 5), 3.72 (3H, s, OCH3), 4.22 (4H, q, J7.2, OCH2CH3), 5.93 (lH, dt, J 15.5, J 1.3, 
HI), 6.40 (lH, d, J 15.9, H 9), 6.54 (lH, d, J 15.9, alkene H 8), 6.75 (lH, pentet, J 15.5, J 
7.6, alkene H 2); ()c(100 MHz; CD Ch), 14.43 (OCH2CH3), 24.73 (CH2, C 5),27.92 (CH3), 
35.52 (CH2, C 3), 52.00 (OCH3), 56.82 (quaternary), 62.33 (OCH2CH3), 81.62, 95.27 
(alkyne), 123.95 (alkene Cl), 125_71 (alkene C 2),138.88 (alkene, C 9),142.30 (alkene, C 
8), 166.51 (ester carbonyl), 169.36 (malonate carbonyl), 197.49 (ketone);. separate signals 
for Z; ()H(250 MHz; CDCb), 2.40 (3H, CH3), 2.95 (2H, d, J2.0), 3.10 (2H, d, J2.0), 5.97 
(2H, dt, J15.5, J 1.0), 6.10 (2H, dt, J 8.0, J2.0), 6.25 (2H, d, J 8.0); the carbon NMR did 
180 
not give a full assignment of the Z isomer; oc(100 MHz; CDCh), 24.91 (CH2), 28.39 
(CH3), 53.84 (OCH3), 62.48 (CH2CH3), 97.67 (alkyne), 120.51 (alkene), 137.91 (alkene), 
138.24 (alkene), 198.97 (ketone); mlz (El), 364.1528 (M+, Cl9H2407 requires 364.1522), 
364 (7%), 332 (24), 321 (12),291 (16),261 (22),231 (34),217 (64), 203 (25), 185 (27), 
159 (27), I 09 (100) 
181 
4,4-Diethyl (lE,8E)-1-methyl-lO-oxoundeca-l,8-dien-6-yne-l,4,4-
tricarboxylate dicobaIt hexacarbonyl (427). 
/""'0 
To a dry flask was added the 4,4-Diethyl (lE, 8Z)!(IE,8E)-I-methyl-l O-oxoundeca-
1,8-dien-6-yne-l,4,4-tricarboxylate (1:6) (426) (0.11 g, 0.29 mmol) in DCM (25 mL), to 
which was added dicobalt octacarbonyl (0.11 g, 0.32 mmol). The reaction was stirred for 
16 hours at room temperature. The mixture was filtered through celite and the solvents 
were removed by vacuum. The residue was purified by column chromatography on silica 
gel using light petroleumldiethyl ether 9: I as the eluant. This produced the cobalt complex 
(427) as the E isomer (0.010 g, 52%) as a red semi-solid. Vrnax (film)!cm'\ 2928, 2093, 
2026, 1731, 1670, 1252, 1190; oH(250 MHz; CDCh), 1.23 (6H, t, J7.2, OCH2CH3), 2.34 
(3H, s, CH3), 2.87 (2H, d, J 7.4, CH2, H 3), 3.67 (2H, s, CH2, H 5), 3.71 (3H, s, OCH3), 
4.22 (4H, m, OCH2CH3), 5.90 (lH, d, J 15.6, HI), 6.34 (lH, d, J 15.0, H 9), 6.84 (lH, 
pentet, J 15.6, J 7.6, H 2), 7.71 (lH, d, J 15.0, H 8); oc(lOO MHz; CDCh), 13.92 
(OCH2CH3), 27.91 (methyl), 35.75 (C 3 or CS), 38.66 (C 3 or CS), 51.64 (OCH3), 58.05 
(quaternary), 62.18 (OCH2CH3), 88.41 (alkyne), 93.85 (alkyne), 125.11, 131.85, 141.95, 
143.28 (alkenes), 166.02 (methyl ester), 169.36 (malonate ester), 197.23 (ketone), 198.41 
(metal carbonyls). 
182 
Methyl (E)-pent-2-ene-4-yneoate (428).105 
~ t-
o 
To a flask containing (methoxycarbonylmethyl)triphenyl phosphorane (10.7 g, 32 
mmol), was added THF (250 mL), propargyl alcohol (0.5 mL, 6.2 mmol) and activated 
manganese dioxide (4.4 g, 50 mmol). The mixture was agitated at room temperature for 3 
days. The mixture was then filtered, and the solvents were removed by vacuum. The 
residue was then purified by column chromatography on flash silica gel, using light 
petroleum ether/ethyl acetate as the eluant. This gave the enyneoate (428) (0.43 g, 65 %) as 
a yellow oil Vrnax (film)/cm·· 3292,2954,2105, 1724, 1620, 1437, 1309, 1275; 8H(250 
MHz; CDCh), 3.35 (lH, d, J2.5, =-H), 3.74 (3H, s, OCH3), 6.29 (lH, d, J 16 0, alkene), 
6.69 (lH, dd, J 16.0, J2.5, alkene); 8cCI00 MHz; CDCiJ), 50.89 (methyl), 81.76 (H-C=C), 
85.06 (H-C=C), 123.26 (alkene) 131.01 (alkene), 164.93 (carbonyl). 
183 
4-hydroxy-4-(2-phenyleth-1-ynyl)cyclohexa-2,5-dien-1-one (431).109 
A flask containing benzoquinone (0.22 g, 2.0 mmol) dissolved in THF (50 mL) 
was cooled to -78°C. To this was added lithium phenylacetylide 1 M solution in THF (2.1 
mL, 2.1 mmol). Stirring at -78°C for 1.5 hours was followed by a gradual rise in 
temperature. Once the temperature had reached -20°C the reaction was quenched with 
excess saturated aqueous ammonium chloride solution. The mixture was extracted with 
diethyl ether and separated. The aqueous layer was then extracted with diethyl ether. The 
combined organic layers were washed with water, then brine and dried over magnesium 
sulfate. Filtration was followed by the removal of solvents by vacuum. The brown residue 
was purified by column chromatography on flash silica gel, using light petroleum 
ether/ethyl acetate 85:15 to give the actylide (431) (0.31 g, 74%) as a yellow-orange waxy 
solid. The spectra of which corresponds to the literature values.109 Vmax (paste)/cm-l 3378, 
2959,2925,2226, 1672, 1490, 1260, 1094,802,757; oH(250 MHz; CDCb), 2.74 (lH, s, 
OH), 6.23 (2H, d, J 9.0 CH ex to carbonyl), 6.97 (2H, d, J 9.0, CH ~ to carbonyl), 7.30 (5 
H, m, aryl); mlz (El) 210.0681 (M+, Cl4HlOOZ requires 210.0679), 210 (27%), 194 (82), 
181 (100),165 (46),153 (84), 139 (21),128 (36),102 (38). 
184 
2-[di( ethyloxy)methyl]cyclohexan-l-one (433).111 
4 
To a three necked 250 mL flask fitted with a dropping funnel and nitrogen bubbler 
was added triethyl orthoformate (16.5 mL, 0.1 mol). To the dropping funnel was added 
boron trifluoride etherate (15 mL, 0.12 mol) and DCM (56 mL). After cooling to -30°C 
the DCM-BF3(OEt2) solution was added to the flask; which was stirred for half an hour at 
-30°C, the temperature was then raised to 0 °C with stirring for 15 minutes. The reaction 
was then cooled to -78°C. Cyclohexanone (5.0 g, 0.05 mol) was added followed N-
ethyldiisopropylamine (19.4 g, 0.15 mol), which was added over 40 minutes. The reaction 
was then stirred for 1 hour at -78°C. The mixture was poured into a saturated aqueous 
NaHC03 (500 mL) solution DCM (200 mL) mixture. The mixture was separated and the 
aqueous layer was extracted with DCM. The combined organic layers were then washed 
WIth cold H2S04 IM, and then with de-ionised water. The organic layer was dried over 
MgS04 and filtered, the solvents were then removed by vacuum. Purification by vacuum 
distillation gave the acetal (433) (6.8 g, 68%) as a colourless oil; the spectra of which 
corresponds to literature valuesyl vmax(film)!cm-I 2973, 1714, 1448, 1373, 1260, 1107, 
1062, 801; oH(250 MHz; CDCb), 1.21 (6H, dt, J 6.8, J 1.6, OCH2CH3), 2.03 (lH, m, CH2), 
1.59 (3H, m, CH2), 1.89 (lH, m, CH2), 1.79 (lH, m, CH2), 2.25 (2H, m, CH2, H 6), 2.56 
(lH, obs pentet, J 5.2 CH, C 2), 3.50 (2H, m, OCH2CH3), 360 (2H, m, OCH2CH3), 4.76 
(lH, d, J 6.0, H, acetal); oc(lOO MHz; CDCh), 15.53 (OCH2CH3), 24.38, 28.01, 28.97 
(CH2), 42.59 (CH2, C 6), 54.99 (CH, C 2), 62.29, 63.66 (OCH2CH3), 102.00 (acetal CH), 
211.15 (carbonyl); mlz (El) 200.14101 (~, CIIH2003 requires 200.1412); 200 (5%),171 
(13),155 (29), 125 (29), 109 (7),103 (100), 81 (44),75 (72),47 (56), 41 (16). 
185 
(1 ,1-dimethylethyl)( dimethyl) [(I-methylprop-2-ynyl)oxy ]silane (434).112 
To a flask containing (+/-)-3-butyn-2-01 (0.68 g, 9.8 mmol), and imidazole (1.37 g, 
20 mmol) dissolved in DMF was added TBDMSCI (1.61 g, 11 mol). After stirring for 16 
hours the mixlure was diluted with water and extracted with DCM. The organic layer was 
dried over MgS04 and filtered. The solvents were removed by vacuum and purification by 
column chromatography on flash silica gel using light petroleum ether/ethyl acetate 85: 15 
gave the silyl ether (434) (Ll g, 62%) as a colourless oil, the spectra of (434) corresponds 
to the literalure values.112 vrnax(film)/cm'l 3312,2143, 1472, 1252, 1104; oH(250 MHz; 
CDCh), 0.10 (6H, d, J 4.0, SiCH3), 0.90 (9H, s, CCH3), 1.41 (3H, d, J 6.0, methyl), 2.36 
(lH, d, J 2.0, =-H), 4.50 (lH, dq, J 2.0, J 4.0 CHOSi); oc(IOO MHz; CDCh), -4.67 
(SiCH3), -4.32 (SiCH3), 18.55 (C(CH3)3), 25.67 (methyl), 26.06 (C(CH3)3), 59.13 (COSi), 
71.51 (alkyne), 86.78 (alkyne). 
186 
2-[ di( ethloxy)methyl]-1-(3-{ [l-(l,l-dimethylethyl)-l ,1-
dimethylsilyl]oxy} but-l-ynyl)cycIohexanol (435). 
To a flask containing (1,I-dimethylethyl)(dimethyl)[(I-methylprop-2-
ynyl)oxy]silane (434) (0.5 g, 2.88 mmol) in THF (50 mL) at -100°C was added n-BuLi 
1.6 M hexane solution (1.8 mL, 2.88 mmol). After stirring for half an hour the contents of 
this flask were added to another flask containing 2-[di(ethyloxy)methyl]cyciohexan-I-one 
(433) (054 g, 2 88 mmol) in THF (10 mL) at -100°C. The mixture was then stirred for 2 
hours with the temperature rising to ambient. The reaction was quenched with saturated 
aqueous NH4CI solution (20 mL). The mixture was diluted with water and extracted with 
DCM. The organic layer was dried over MgS04 and then filtered. After the removal of 
solvents by vacuum the residue was then purified by column chromatography on flash 
silica gel using light petroleum ether/ethyl acetate 10:1 as the eluant. This gave the 
protected propargyl dial (435) (0.44 g, 40%), a yellow oil as an inseparable mixture of 
diastereoisomers. vrnax(film)/cm'\ 3485, 2932, 2232, 1447, 1252, 1099; oH(250 MHz; 
CDCb), 0.11 (6H, s, Si(CH3h), 0.90 (9H, s, C(CH3)3), 1.25 (6H, m, J 6.2, J 7.0, 
OCH2CH3), 1.39 (3H, d, J 6.5, methyl), 1.4-1.7 (7H, m, cyciohexane ring), 2.00 (2H, dm, J 
12.9),4.57-4.39 (lH, m, CHOSi, pair), 5.01, 5.30 (lH, s, OCHO); oc(lOO MHz; CDCb),-
4.15, -4.17, -4.22, -4.48, -4.53 (Si(CH3)2), 15.84, 15.78, 15.54, 15.50 (OCH2CH3, and! or 
Si C(CH3)3), 18.66, 18.57 (CH2), 21.07, 21.05 (CH2), 2300 (CH2), 25.99, 21.05 (CH2), 
26.16,26.12 (methyl), 26.17 (CH2), 39.64 (2 signals CH2), 40.00 (2 signals CH2), 48.73, 
48.72 (ring CH), 59.43, 59.38, 59.36 (CHOSi), 7009, 67.56 (quaternary), 61.00 64.73, 
64.75, 64.99, 67.54 (OCH2CH3), 87.76, 87.67, 87.66, 85.00 (alkyne), 104.98, 105.03 
(CH02), 106.68, 106.78 (CH02). 
187 
2-[(ethyloxy)methylidene]cyclohexan-l-one (436).111 
o 
l)O~ 
Formed as a by-product oflithium acetylide reactions (435), the spectra of which 
corresponds to the literature values. I I I 
vm,x(fi1rn)/crn·1 3342, 1675, 1591, 1211, 1090; oH(250 MHz; CDCb), 0.88 (lH, rn,) 1.22 
(lH, rn, ring), 1.30 (3H, t,J7.1, OCH2CH3), 1.68 (2H, rn, ring), 1.78 (2H, rn, ring), 2.43 
(2H, dt, J 6.2, J 1.85, ring H next to double bond), 4.06 (2H, q, J7.1, OCH2CH3), 7.37 
(lH, t, J 1.85, al3 unsaturated H); oc(100 MHz; CDCI3), 15.45 (CH3), 22.73 (CH2), 23.09 
(CH2), 23.18 (CH2), 39.58 (CH2), 70.32 (OCH2), 115.37 (q), 156.32 (CH), 200.77 (C=O). 
188 
2-[di( ethyloxy)methyl]-1-(3-hydroxybut-l-ynyl)cyclohexan-l-ol (437). 
To a flask containing 2-[ di( ethloxy)methyl]-I-(3-{[ 1-(1, I-dimethylethyl)-I, 1-
dimethylsilyl]oxy}but-l-ynyl)cycIohexanol (435) (0.11 g, 0.31 mmol) in THF (10 mL) 
was added TBAF IM THF solution (0.35 mL, 0.35 mmol). After stirring for 16 hours at 
room temperature the solvents were removed by vacuum. Purification by column 
chromatography on flash silica gel used light petroleum ether/ethyl acetate 85 ·15 as the 
eluant. This gave the diol (437) (0.081 g, 96%) as a colourless oil, as an inseparable 
mixture ofdiastereoisomers. vmax(fiIm)/cm·1 3470, 2922, 2231,1447,1177,1055; liH(400 
MHz; CDCI3), 1.25 (6H, m, J 6.5, OCH2CH3), 1.45 (3H, d, J 1.6, methyl), 1.5-1.78 (9H, 
m), 2.02, (2H, d, J 2.4, CH2), 3.57 (6H, m, OCH2CH3, overlapping signals), 3.86 (2H, m, 
OCH2CH3), 4.47 (IH, br t, J 1.6, ring CH), 4.59 (IH, m, CHOH), 4.97 (IH, s, acetal H); 
8c(100 MHz; CDCb), 15.44, 15.16 (OCH2CH3), 18.52, 20.71, 24.96, 25.15, (ring CH2), 
24.53,24.65 (CH3), 39.70, 39.35 (CH2), 48.58, 48.24 (ring CH), 58.34 (CH), 60.03, 63.90, 
64.66, 64.36 (OCH2CH3), 67.30, 69.81 (quaternary), 82.25, 8830, 87.93 (a1kyne), 104.55, 
106.09 (acetal CH). 
189 
4-{2-[ di( ethloxy)methyl]-l-hydroxycyclohexyl} but-3-yn-2-one (438). 
To a flask containing 2-[ di(ethyloxy)methyl]-I-(3-hydroxybut-l-ynyl)cyclohexan-
1-01 (437) (0.081 g, 0.30 mmol) in DCM (20 mL) was added Mn02/C (1 g), followed by 
stirring for 24 hours. The mixture was then filtered through celite, to give the propargyl 
ketone, (438) (0.08 g, quantitative); as a colourless oil as an inseparable mixture of 
isomers. (The I3C NMR signals in the ketone separate into pairs of signals in 
approximately a 5:1 ratio). vmax(film)/cm-1 3453, 2934, 2207, 1678, 1223, 1054. oH(250 
MHz; CDCh), 1.23 (6H, m, OCH2CH3), 1045-1.84 (6H, rn, ring CH2), 2.01 (lH, s, CH2, H 
6), 2.06 (lH, S, CH2, H 6), 2.32 (3H, s, methyl), 3 60 (6H, rn, OCH2CH3, overlapping 
signals), 3.80 (2H, m, OCH2CH3), 4.54 (lH, d, J 8.3, ring CH), 4.61 (lH, d, J lA, ring 
CH), 4.85 (lH, d, J 2.8, acetal H); oc(lOO MHz; CDCh), 13.64, 14.10, 14.13, 14.39 
(OCH2CH3), 17.52, 19.38,22.32,23.76,23.95,25.06 (CH2), 31.77, 38.24 (methyl), 37.64, 
38.24 (CH2), 46.80, 47.99 (ring CH), 59.94, 63.10, 63.32, 63.91 (OCH2CH3), 66.51, 68 98 
(quaternary), 81.85, 84.13 (alkyne), 91.98, 94.34 (C .. C-CO.CH3), 103042, 105.03 (acetal), 
183.10,183042 (carbonyl). 
190 
4-{2-[ di( ethloxy )methyl]-l-hydroxycyclohexyl} but-3-yn-2-one dicobaIt 
octacarbonyl (439). 
To a flask containing 4-{2-[di(ethloxy)methyl]-I-hydroxycyclohexyl}but-3-yn-2-
one (438) (0.05 g, 0.19 mmol) in DCM (10 mL) was added dicobalt octacarbonyl (0.071 g, 
0.21 mmol); this was stirred overnight. The DCM was removed by vacuum and the 
complex was purified by column chromatography on flash silica gel using light petroleum 
ether/ethyl acetate 18: I as the eluant. This gave the complex (439) (0.11 g, 97%) as a red 
solid. Mp. 76-78 °C; vrnax(CDCb)/cm·1 3443, 2934, 2096, 2027, 1667, 1549, 1350, 1260, 
1193, 1061,802; oH(400 MHz; CDCb), 1.13 (6H, m, OCH2CH3), 1.50-2.00 (8H, m, ring 
CH2), 2.47 (3H, s, methyl), 3.35-3.50 (3H, m, OCH2CH3), 3.75 (!H, overlapping q, 
OCH2CH3), 4.70 (!H, d, J 2.1, nng CH), 5.13 (!H, s, acetal H); oc(IOO MHz, CD Ch), 
15.86,15.74 (OCH2CH3), 20.76, 22.31, 25.48, (ring CH2), 31.98 (CH3), 42.29 (CH2), 49.58 
(ring CH), 63.33, 66.34 (OCH2CH3), 75.11, 91.85 (aIkyne), 103.85 (acetal CH), 109.82 
(quaternary), 199.20 (metal carbonyls), 202.91 (ketone); m/z (FAB), 498.0139 (W, -2 CO 
C02CI9H230S requires 498.0135), 498 (26%), 470 (72), 442 (lOO), 435 (61),425 (30),414 
(49),407 (39), 397 (51), 386 (lOO), 379 (42). 
191 
2-hydroxy-2-(3-oxobut-l-ynyl)cyclohexane-l-carbaldehyde dicobaIt 
hexacarbonyl (442). 
To a flask containing 4-{2-[di(ethloxy)methyl]-1-hydroxycyclohexyl}but-3-yn-2-
one (439) (0.12 g, 0.21 mrnol) in DCM (25 mL) was added dicobalt octacarbonyl (0.16 g, 
0.47 mrnol). The reaction was stirred at room temperature for 16 hours. Amberiyst 15 
beads (0.2 g) were added, this caused a colour change to a darker red. After 10 minutes the 
beads were removed by filtration. The solvent was removed by vacuum and the crude 
product was purified by column chromatography on flash silica gel using light petroleum 
ether/diethyl ether 15:1 as the eluant. This gave the keto-aldehyde (442) (0.08 g, 78%) as a 
red oil. vrnax(CDCI3)/cm-1 3499,2937,2859, 1715, 1667, 1556, 1353, 1259, 1193,799; 
cSH(250 MHz; CDCb), 0.83-2.00 (8H, m, ring CH2), 2.53 (3H, s, methyl), 2.63 (lH, m, ring 
CH), 4.22 (lH, br s, OH), 9.75, 9.74 (lH, s, aldehyde diastereoisomers); cSc(100 MHz; 
CDCI3), 20.12, 20.78, 25.34 (ring CH2), 30.05 (CH3), 39.97 (ring CH2), 56.78 (ring CH), 
72.92, 85.72 (alkyne), 103.42 (quaternary), 197.28 (metal CO), 201.78 (carbonyl) 204.33 
(carbonyl). 
192 
2-Hydroxymethyl-6-methyl-phenol (446).117 
~H 
To a flask containing lithium aluminium hydride (3.0 g, 78 nunol) was added 
diethyl ether (125 mL). After cooling to 0 °C, 3-methyl salicyhc acid (4.0 g, 26 nunol) was 
added. The reaction was stirred at room temperature for 12 hours. The reaction was 
quenched with methanol and water; potassium carbonate was added and the mixture was 
filtered through celite. After drying over magnesium sulfate followed by filtration the 
solvents were removed by vacuum. Purification on flash silica gel used light petroleum 
ether/ethyl acetate 4:1 as the eluant. This gave the sallcyl aicohol (446) (2.1 g, 77%) as a 
yellow solid, the spectra of (446) corresponds to the literature values.1l7 Mp. 30-31 °C (lit 
Mp 35-36 °C 124) vmax(CDCl)/cm-1 3374, 1596, 1472, 1225, 997, 770; oH(250 MHz; 
CDCl), 1.62 (lH, S, CH20H), 2.26 (3H, s, methyl), 4.85 (2H, d, J 4.4, CH20H), 6.79 (lH, 
t, J7.4 para), 6.84 (lH, d, J7.4 meta), 7.08 (lH, d, J7.4 meta), 7.42 (lH, s, phenolic OH); 
oc(100 MHz; CDCl), 16.04 (methyl), 65.15 (benzyl), 120.03, 124.93, 125.80, 125.83, 
131.22 (aryl), 154.69 (phenolic). 
193 
2-( {[l-l(l,l-dimethylethyl)-l,l-diphenylsilyl] oxy} methyl)-6-
methylbenzen-l-ol (447). 
To a flask containing the 2-hydroxymethyl-6-methyl-phenol (446) (2.1 g, 15 mmol) 
was added THF (70 mL), triethylamine (6.3 mL, 45 mmol) and DMAP (0.1 g, 0.8 mmol). 
After cooling to 0 cC, TBDPSCI (3.89 mL, 15 mmol) was added and the reaction was 
stirred at room temperature for two days. The THF was removed by vacuum and the 
mixture was purified on flash silica gel using light petroleum ether/ethyl acetate 19: 1 as the 
eluant. This gave the sllylated alcohol (447) (5.3 g, 94%) as an off white solid. Mp. 50-52 
cC; vrnax(nujol)/cm- I 3363, 2942, 1229, 1111, 1055; oH(250 MHz; CDCb), 1.00 (9H, s, 
'Bu), 2.22 (3H, s, methyl), 4.79 (2H, s, CH20Si), 6.52 (lH, d, J 7.4, H 5), 6.61 (lH, t, J 
7.4, H 4), 6.98 (lH, d, J 7.4, H 5), 7.36 (6H, m, TBDPS aryl), 7.61 (4H, m, TBDPS aryl), 
8.11 (lH, s, phenolic OH); oc(lOO MHz; CDCb), 14.71 (methyl), 18.08 (quaternary 'Bu), 
25.67 (CH3 'Bu), 65.84 (benzylic CH2), 118.19 (aryl), 122.12 (q, C 6), 123.58 (aryl), 
124.52 (q, C 2), 126.92 (TBDMS aryl), 129_11, (TBDMS aryl), 129.27 (aryl), 130.98 (q, 
TBDMS), 134.54 (TBDMS aryl), 153.76 (phenolic); mlz (El) 376.1848 (M., C24H2s02Si 
requires 376.1858), 376 (1%), 320 (29), 319 (lOO), 301 (22),243 (33), 241 (100),200 (40). 
194 
2-({[1-(1,1-Dimethylethyl)-1,1-dimethylsilyl]oxy}-6-
methylbenzen-l-ol (449).118 
To a flask containing the 2-hydroxymethyl-6-methyl-phenol (446) (2.9 g, 21 mmol) 
was added THF (70 mL), triethylamine (6.3 mL, 45 mmol) and DMAP (0.1 g, 0.8 mmol). 
After cooling to 0 °C, TBDPSCI (3.54 g, 23 mmol) was added and the reaction was stirred 
at room temperature for two days. The THF was removed by vacuum and the mixture was 
purified on flash silica gel using light petroleum ether/ethyl acetate 19:1 as the eluant. This 
gave the sllylated alcohol (449) as a white solid (3.7 g, 68%). The spectra corresponded to 
the literature values.lIS Mp. °C (lit Mp 0c) vmax(CDCb)/cm·1 3371, 2954, 2858, 1597, 
1473, 1231, 1051, 836, 781; SH(250 MHz; CDCb), 0.14 (6H, s, Si(CH3)2), 0.94 (9H, s, 
C(CH3)3), 2.25 (3H, s, methyl), 4.89 (2H, s, CH2), 6.75 (2H, overlapping q and d, J7.2, J 
1.6,aryl), 7.05 (IH, br d, J 7.2, aryl), 8.18 (IH, s, phenol); mlz (El), 252.1541 (M+, 
C14H2402Si requires 252.1545), 253 (26%),252 (5), 237 (7),195 (100),177 (78),149 (13), 
120 (17), 91 (25), 75 (86). 
195 
7-( {[l-(l,l-Dimethylethyl)-l,l-diphenylsilyl]oxy} methyl)-9-
methyl-l,4-dioxaspiro [4.5]-6,9-dien-8-one (448). 
To a flask containing iodosobenzene diacetate (9.1 g, 28 6 mmol) was added 
hexane (100 mL). After cooling to 0 °C, 2-({[I-I(1,I-dimethylethyl)-I,I-
diphenylsilyl]oxy}methyl)-6-methylbenzen-l-ol (447) (5.3 g, 14.13 mmol) dissolved in 
hexane (10 mL) and anhydrous ethane-l,2-diol (11 mL, 0.2 mol) was added. The reaction 
was then stirred for two hours at room temperature. The reaction was then quenched with 
water (20 mL) and the two layers separated. The organic layer was extracted with diethyl 
ether. The combined organic layers were washed with 5% aqueous NaHC03 solution, then 
brine and dried over magnesium sulfate. After filtration the solvents were removed by 
vacuum. Purification on flash silica gel used light petroleum ether/ethyl acetate 9: 1 as the 
eluant, this gave the quinone-mono ketal (448) (2.45 g, 40%) as a light yellow solid. Mp. 
53-56°C (diethyl ether); Vmax (CDCh)/cm·\ 2928, 2856, 1651, 1427, 1112, 1079; oH(100 
MHz; CD Ch), 1.08 (9H, s, CH3 tBu), 1.83 (3H, d, J 1.4, methyl), 4.16 (4H, s, acetal), 4.46 
(2H, d, J 2.5, CH2), 6.42 (lH, d, J 1.4 CH, H 10), 6.83 (lH, d, J 2.5, CH, H 6), 7.39 (5H, 
m, aryl), 765 (5H, m, aryl); oc(100 MHz; CDCh), 14.23 (methyl), 18.30 (quaternary tBu), 
25.87 (CH3 tBu), 64.57 (CH2 acetal), 98.32 (q, C 5),126.76,128.78 (aryl), 132.05 (q, aryl), 
134.45 (aryl), 135.04 (alkene, C 9), 135.39 (CH, C 10), 137.15 (alkene, C 7), 137.73 (CH, 
C 6), 184.65 (ketone); mlz (FAB) 435.2000 (M' +H, C26H3\04Si requires 435.1991), 435 
(10%),377 (19), 299 (67), 237 (45), 197 (49),179 (27),154 (37),135 (100). 
196 
7-( {[l-(l,l-dimethylethyl)-l,l-dimethylsilyl] oxy} methyl)-9-
methyl-l,4-dioxaspiro[ 4.5J-6,9-dien-8-one (450).118 
W,sl+ 
~. 10 04 
LJ 
2 
To a flask containing iodosobenzene diacetate (19 6 g, 60.8 mmol) was added 
hexane (100 mL). After cooling to 0 °C 2-({[I-(l,I-Dimethylethyl)-I,I-
dimethylsilyl]oxy}-6-methylbenzen-l-01 (449) (7.24 g, 28.96 mmol) dissolved in hexane 
(240 mL) and anhydrous ethane-l,2-diol (20 mL) was added. The reaction was then stirred 
for two hours at room temperature. The reaction was then quenched with water (20 mL) 
and the two layers separated. The organic layer was extracted with diethyl ether. The 
combined organic layers were washed with 5% NaHC03 solution, then brine and dried 
over magnesium sulfate. After filtration the solvents were removed by vacuum. 
Purification on flash silica gel used light petroleum ether/ethyl acetate 9: 1 as the eluant, 
this gave the quinone-mono ketal (456) (2.61 g, 29%). The spectra of which corresponds to 
the literature values.1I8 Mp. 57°C (Found C 61.81; H 8.49. C16H2604Si requires C 61.90; 
H 8.44); vmax(nujol)/cm,l 2954,2875,1688,1651,1471,1322,1257,1121, 1080,838,778; 
I5H(250 MHz; CDCb), 0.08 (6H, s, Si(CH3)2), 0.92 (9H, s, C(CH3)3), 1 85 (3H, d, J 1.4, 
methyl), 4.13 (4H, s, acetal), 4.40 (2H, d, J2.3, CH20Si), 6.41 (lH, m, J 1.4, H 10),6.62 
(lH, dt, J 2.3, J 3.2, H 6); I5c(100 MHz; CDCb), -5.05 (Si(CH3)2), 15.65 (methyl), 18.73 
(C(CH3)3), 26.29 (C(CH3)3), 59.77 (CH2), 99.66 (q, C 5), 136.37 (q, C 9), 136.73 (CH, C 
10), 138.81 (q, C 7), 139.24 (CH, C 6), 186.32 (ketone); mlz (El) 310.1607 (~, 
C16H2604Si requires 310.1600) 310 (0.4%) 254 (17), 253 (89),224 (17), 223 (100),209 
(5),195(14),179(6),166(4),149(17),119(8),91 (7),75(17). 
197 
8-(3-{[I-(1,ldimethylethyl)-I,I-dimethylsilyl] oxy }-but-l-ynyl)-7-
({[I-(I,I-dimethylethyl)-I,I-dimethylsiyl]oxy}methyl)-9-methyl-
1,4-dioxaspiro[ 4.5]deca-6,9-diene (451). 
To a flask containing (l,I-dimethylethyl)(dimethyl)[(l-methylprop-2-
ynyl)oxy]silane (434), (1.02 g, 5.57 mrnol) was added THF (30 mL), the flask was cooled 
to -78°C and n-BuLi was added, the mixture was stirred at -78°C for 30 minutes. To 
another flame dried flask was added 7-({[I-(l,I-dimethylethyl)-I,I-
dimethylsilyl]oxy}methyl)-9-methyl-l,4-dioxaspiro[4.5]-6,9-dien-8-one (450) (0.93 g, 3.0 
mrnol), which was dissolved in THF (20 mL). The flask was then cooled to -78°C and the 
lithium actylide that had been formed in the first flask was cannulaed into the flask 
containing (450). The flask was stirred overnight with the temperature rising to ambient. 
The reaction was quenched with saturated aqueous anunonium chloride solution (5ml), the 
mixture was extracted with water and DCM, the organic layer was then dried over 
magnesium sulfate and filtered. The solvent was removed by vacuum to give an oil, which 
was purified by chromatography on flash silica gel using light petroleum ether/ethyl 
acetate 85:15 as the eluant, to give the alcohol (0.32 g, 22%) a light yellow solid as an 
inseparable pair of diastereoisomers. vmax(nujol)/cm·· 3418, 2954, 2875, 2172, 1703, 1471, 
1252 1123, 837; oH(250 MHz; CDCh), 0.08, 0.1 0 (6H, s, Si(CH3)3), 0.12 (3H, s, SiCH3), 
0.14 (3H, s, SiCH3), 0.88 (9H, s, QCH3)3), 0.92 (9H, s, QCH3)3), 1.38 (6H, d, J 6.5, 
QO)CH3), 2.01 (3H, d, J 1.4, methyl), 4.04 (4H, s, acetal), 4.16 (lH, d, J 12.6, CH20Si, 
one diastereoisomer), 4.17 (lH, d, J 12.6, CH20Si, one diastereoisomer), 4.25, 4.29 (lH, s, 
OH, pair of diastereoisomers), 4.40 (lH, q, J 64, CH), 4.41 (lH, q, J 6.4, CH), 4.70 (lH, 
198 
d, J 12.4, CH20Si, overlapping pair of diastereoisomers), 5.42 (lH, s, HI0), 5.64 (lH, s, 
H6); oc(100 MHz; CDCh), -5.16, -5.13, -5.07, -4.06, -4.22 (SiCH3), 17.96, 17.98 
(C(CH3h), 18.55 (methyl), 21.17 (methyl), 26.14, 26.22 (C(CH3)3), 59.35 (CH), 65.48, 
65.58,65.66,65.71, (acetal, and C8, coincident), 66.67 (quaternary), 83.41 (a1kyne),87.19 
(alkyne), 100.80 (quaternary), 122.48 (ClO), 123.37 (C6), 133.54 (C9), 138.44 (C9), 
140.53 (C7), 141.10 (C7). 
199 
6-Chloro-hex-4-yne-3-o1 (465). 
~OH 
cl' '-
A flask containing propargyl chloride (1.0 mL, 13.4 rnrnol) in THF was cooled to 
-78°C. To this n-BuLi 1.66 M solution in hexane (5.36 rnL, 13.4 rnrnol) was added drop-
wise, followed by stirring for 15 minutes. To which was added propionaldehyde (2.0 rnL, 
26.8 rnrnol), stirring at -78°C continued for one hour; the temperature was then allowed to 
rise to ambient. The reaction was then quenched with water and extracted with DCM. The 
organic layer was dried over magnesium sulfate then filtered; the DCM was then removed 
by vacuum. Purification on flash silica gel used light petroleum ether/diethyl ether 4: 1 as 
the eluant, and gave the chlorohexynol (465) (1.1 g, 62%) as a yellow liquid. Vrnax 
(film)/cm·1 3375, 2969, 2878, 1463, 1262, 1153, 1043, 969; oH(400 MHz; CDCh), 1.01 
(3H, t, J 7.3, CH3), 1.74 (2H, obs d pentet, J 2.0, J 7.3, CH2CH3), 1.82 (IH, d, J 5.6, OH), 
4.18 (2H, d, J 2.0, CH2), 4.38 (lH, br q, J 5.6, CHOH); oc(100 MHz; CDCh), 9.70 (CH3), 
30.73 (CH2), 31.00 (CH2), 64.05 (CH), 80.05 (C",CCHOH), 87.72 (C",CCH2Cl). 
200 
4-Hydroxy-2-hexyn-l-yl benzoate (466).119 
o ~=--<COH del 
To a flask containing 6-chloro-hex-4-yne-3-01 (465) (1.07 g, 8 mmol) in DMF (50 
mL) was added sodium benzoate (2.3 g, 16 mmol). The mixture was heated to lOO-120°C 
and stirred overnight. The solid, that formed, was dissolved in water, (200 mL) and the 
mixture was extracted into DCM. The organic layer was separated and dried over 
magnesium sulfate. After filtration and removal of solvents by vacuum, the mixture was 
purified on flash silica gel using light petroleum ether/ethyl acetate 85:15 as the eluant. 
This gave the benzoate (466) (0.95 g, 55%), as a colourless oil. The spectra of which 
corresponds to the literature valuesy9 Vrnax (film)/cm·1 3421, 2969, 1724, 1602, 1452, 
1372, 1270, 1109, 711; oH(250 MHz; CDCh), 1.02 (3H, t, J 7.2, CH2CH3), 1.75 (2H, 
pentet, J 7.2, CH2CH3), 1.99 (lH, d, J 5.6, OH), 4.13 (lH, m, CHOH), 4.96 (2H, d, J 1.6, 
CH20Bz), 7.45 (lH, m, aryl), 7.55 (2H, m, aryl), 8.05 (2H, m, aryl); mlz (El), 218.0937 
(~, C13HI40 3 requires 218.0943), 218 (1%), 201 (9), 189 (78), 174 (14), 115 (40), 105 
(100),91 (15),77 (97), 51 (91). 
201 
6-Benzoyloxy-4-hexyn-3-one (467).119 
A flask containing 4-hydroxy-2-hex-yn-l-yl benzoate (466) (0.904 g, 4.14 mmol), 
in dry DCM (40 mL) was cooled to -78°C; followed by addition ofDMSO (0.65 mL, 9.11 
mmol). After stirring for 15 minutes, oxalyl chloride (0.4 mL, 4.56 mmol) was added. The 
temperature was then raised to -55°C, and triethylamine (3 mL, 21 mmol) was added; the 
temperature was then raised to ambient. The solvents were removed by vacuum, and the 
mixture was purified on flash silica gel using light petroleum ether/ethyl acetate 85:15 as 
the eluant. This gave the ketone (467) (0.49 g, 55%) as a colourless oil. The spectra of 
which corresponds to the literature values. ll9 Vmax (film)/cm·· 2979, 2217, 1723, 1684, 
1601, 1452, 1368, 1266, 1172, 1026, 712; OH (250 MHz; CDCb), 1.15 (3H, t, J 7.4, 
CHzCH3), 2.62 (2H, q, J7.4, CHzCH3), 5.08 (2H, s, CHz), 7.47 (lH, m, aryl), 7.58 (2H, m, 
aryl), 8.10 (2H, m, aryl); mlz (El), 215.0712, (~ -H, C13HII03 requires 215.0708), 215 
(2%),187 (12),115 (12),106 (12),105 (100), 77 (39), 66 (12). 
202 
(6-Benzoyloxy-4-hexyn-3-one) dicobalt hexacarbonyl (468).119 
To a flask containing 6-benzoyloxy-4-hex-3-one (467) (0.44 g, 2.1 mmol) in DCM 
(50 mL), was added dicobalt octacarbonyl (0.77 g, 2.3 mmol). The mixture was stirred 
under nitrogen for 4 hours. The DCM was removed by vacuum and the resultant red oil 
was purified on flash silica gel, using light petroleum ether/diethyl ether 85:15 as the 
eluant. This gave the complex (468) (0.92 g, 90%) as a red gum. The spectra of which 
corresponds to literature valuesY9 Vrnax (paste)/cm'l 2981,2940,2102,2034,1723,1675, 
1584,1452,1265,1156,712; oH(250 MHz; CD Cb), 1.20 (3H, t,J7.4, CH2CH3), 2.79 (2H, 
q, J 7.4, CH2CH3), 5.56 (lH, s, CH2), 7.41 (2H, m, aryl), 7.55 (lH, m, aryl), 8.01 (2H, m, 
aryl); oc(100 MHz; CDCb), 8.87 (CH2C1I3), 37.51 (C1I2CH3), 65.38 (CH2), 86.50 
(alkyne), 91.00 (alkyne), 128.99 (aryl), 129.76 (quaternary aryl), 130.07, 133.77 (aryl), 
166.55 (benzoyl carbonyl), 198.25 (metal carbonyl), 203.71 (ketone). 
203 
(E)-[1-Benzyloxy-4-(triisopropyIsiIoxy)-4-hexen-2-yne] dicobalt 
hexacarbonyI (469).119 
To a flask containing (6-benzoyloxy-4-hexyn-3-one)dicobalt hexacarbonyl (468) 
(0.60 g, 1.2 mmol) in DCM (30 mL) was added triethylamine (0.95 mL, 7.1 mL). The 
mixture was cooled to 0 °C followed by the addition of triisopropyltrifluoromethane 
sulfonate (1.12 mL, 3.54 mmol). The reaction was stirred at 0 °C for 4 hours and for 1.5 
hours at room temperature. The mixture was then washed with water and extracted with 
diethyl ether. The organic layer was dried over sodium sulfate and filtered. The solvents 
were removed by vacuum and the oil was purified on flash silica gel that had been pre-
treated with triethylamine. The eluant: light petroleum ether/diethyl ether 9:1 also 
contained 5% triethylamine. Purification gave the silyl enol ether (469) (0.56 g, 71 %) as a 
red solid. The spectra of which corresponds to the literature valuesY9 Mp. 67-70 °C (lit. 
Mp. 71-72 oC1l9) V max (CDCh)/cm·1 2946,2867,2054,2056, 1723, 1463, 1263, 1107, 882, 
710; /)H(250 MHz; CDCh), 1.11 (18H, d, J 6.7, Ipr CH3), 1.29 (3H, m, J 6.7, Ipr CH), 1.76 
(3H, d, J 7.2, CH3), 5.13 (lH, q, J 7.2, CH), 5.65 (2H, s, CH2), 7.41 (2H, m, aryl), 7.51 
(lH, m, aryl), 8.15 (2H, m, aryl); /)c(100 MHz; CDCh), 13.58 (,Pr CH), 13.96 (CH3), 18.43 
(,Pr CH3), 67.54 (CH2), 84.31 (alkyne), 91.53 (alkyne), 106.61 (CH), 128.79 (aryl), 130.12 
(aryl), 133.55 (aryl), 147.78 (quaternary alkene), 166.90 (benzoyl carbonyl), 199.60 (metal 
carbonyls) the quaternary aryl signal is missing; mlz (FAB) 602.0568 (~ -2 CO, 
C02C26H3207Si requires 602.0581), 602 (20%), 574 (36), 546 (95), 490 (64), 453 (42),425 
(22),326 (24), 235 (61),157 (25),105 (100). 
204 
4-Hydroxy-2-pentyn-l-yl benzoate (457).119 
A flask containing dry diethyl ether (40 mL) and propargyl chloride (1.45 mL, 20 
mmol) was cooled to -78 DC. n-BuLi 2.5 M hexane solution (8 mL, 20 mmol) was added 
and stirred for 20 minutes. Acetaldehyde (2.22 mL, 40 mmol) was added and stirred for 30 
minutes. Benzoic acid (4.88 g, 40 mmol), NaHC03 (3.36 g, 40.0 mmol) and DMF (100 
mL) were then added. The flask was fitted with a distillation head, and the ether was 
distilled off. A reflux condenser was fitted and the reaction was heated to 120 DC for 16 
hours. The resulting solid was dissolved in water, and the mixture was extracted into 
DCM. The organic layer was dried over magnesium sulfate and then filtered, and the 
solvents were removed by vacuum. Purification by column chromatography on flash silica 
gel used light petroleum ether!ethyl acetate 85: 15 as the eluant. This gave the benzoate 
(457) (3.18 g, 78%) as a colourless oil, the spectra of (457) corresponds to the literature 
valuesY9 Vrnax (film)!cm·1 3417,2982,1724, 1452, 1371, 1269, 1157, 1109,710; liH(250 
MHz; CDCh), 1.47 (3H, d, J 6.7, CH3), 2.12 (lH, d, J 5.6, OH), 4.57 (lH, m, CHOH), 
4.95 (2H, d, J 1.6, CH2), 7.42 (2H, m, aryl), 7.53 (lH, m, aryl), 8.10 (2H, m, aryl); lid I 00 
MHz; CDCh), 24.37 (CH3), 53.21 (CH2), 58.58 (CHOH), 78.32 (alkyne), 89.24 (alkyne), 
128.82 (aryl), 129.85 (quaternary aryl), 130.18 (aryl), 133.71 (aryl), 166.41 (carbonyl); mlz 
(El), 204.0789 (M\ C12H1203 requires 204.0789), 204 (3 %),201 (13),174 (18),106 (16), 
105 (100), 77 (68), 51 (25),43 (18). 
205 
5-Benzoyloxy-3-pentyn-2-one (458).119 
o jo ~o 0' 
To a flask containing 4-hydroxy-2-pentyn-l-yl benzoate (457) (1.48 g, 7.2 mmol) 
was added dry DCM (50 mL) and dry DMSO (1.53 mL, 21.6 mmol). After cooling to 
-78°C oxalyl chloride (0.94 mL, 10.8 mmol) was added and the temperature was raised to 
-55°C. Triethylamine (6.8 mL, 49 mmol) was then added and the temperature was raised 
to ambient. The solvents were removed by vacuwn and the residue was purified on flash 
silica gel using light petrolewn ether/ethyl acetate 85: I 5 as the eluant. This gave the ketone 
(458) (1.1 g, 74%) as a colourless oil, the spectra of (458) corresponds to the literature 
valuesy9 Vmax (film)/cm·· 2941, 2218, 1734, 1719, 1684, 1362, 1267, 1224, 1025,712; 
(lH(250 MHz; CDCh), 2.37 (3H, s, CH3), 5.07 (2H, s, CH2), 7.44 (2H, m, aryl), 7.50 (lH, 
m, aryl), 8.10 (2H, m, aryl); (lc(100 MHz; CDCh), 32.58 (CH3), 52.29 (CH2), 85.33 
(alkyne), 85.87 (alkyne), 128.92 (aryl), 129.35 (quaternary aryl), 130.27 (aryl), 133.99 
(aryl), 165.97 (ester), 184.07 (ketone); mlz (El) 202.0631 (M" C12HIO03 requires 
202.0630),202 (4%),201 (29), 174 (39),115 (12),106 (20),105 (100), 77 (95), 51 (44) 43 
(24). 
206 
(5-Benzoyloxy-3-pentyn-2-one )dicobalt hexacarbonyl (459).119 
To a flask containing 5-benzoyloxy-3-pentyn-3-one (458) (1.1 g, 5.4 mmol) was 
added DCM (50 mL) and dicobalt octacarbonyl (1.85 g, 5.9 mmol). This was stirred 
overnight under nitrogen. The solvents were then removed by vacuum and the oil was 
purified on flash silica gel using light petroleum ether/diethyl ether 10: I as the eluant, to 
give the complex (459) (2.21 g, 84%) as a red solid. The spectra of which corresponds to 
the literature values.1I9 Mp. 70-71 DC, (Lit. Mp. 68-69 °C 119); vrn .. (CDCb film)/cm·1 
2102,2064,2094,1720,1672,1264,1203,1106,711; IlH (250 MHz; CDCb), 2.51 (3H, s, 
CH3), 5.57 (2H, s, CH2), 7.47 (2H, m, aryl), 7.57 (lH, m, aryl), 8.1 0 (2H, rn, aryl); mlz 
(FAB) 488.9076 (M'" +H, C02ClSHII09 requires 488.9067), 489 (21%),473 (20),463 (16), 
432 (55), 404 (75), 376 (100), 348 (27), 339 (40), 320 (87). 
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[5-Benzoyloxy-2-(triisopropylsiloxy)-1-penten-3-yne]dicobait 
hexacarbonyl (460).119 
To a flask containing (5-benzoyloxy-3-pentyn-2-one) dicobalt hexacarbonyl (459) 
(2.15 g, 4.4 mmo!) in DCM, (25 mL) at 0 °C, was added triethylamine (3.34 mL, 24 mmol) 
and TIPSOTf (4.1 mL, 12 mmol). The reaction was stirred at 0 °C for 4 hours and at room 
temperature for 1.5 hours. The reaction was extracted with water and DCM. The organic 
layer was dried over magnesium sulfate and filtered. The DCM was removed by vacuum 
and the oil was purified on flash silica gel that had been pre-treated with triethylamine. The 
eluant, light petroleum ether/diethyl ether 10: 1 also contained 5% triethylamine. This gave 
the silyl enol ether as an orange-red solid (460) (2.64 g, 93%), the spectra of which 
corresponds to the literature values.1l9 Mp. 83-87 °C, (Lit. Mp. 90 °C1l9); Vmax (CDCh)/cm" 
1 2944,2866,2095,2021, 1716, 1567, 1266, 1094, 1015; /)H(250 MHz; CDCh), 1.14 (18H, 
d, J 6.9, 'Pr CH3), 1.26-1.34 (3H, m, 'Pr CH), 4.59 (lH, d, J 1.7, CH), 4.75 (lH, d, J 1.7, 
CH), 5.59 (2H, s, CH2), 7.44 (2H, m, aryl), 7.57 (lH, m, aryl), 8.10 (2H, m, aryl); /)c(100 
MHz; CD Ch), 11.91 (,Pr CH), 16.93 (,Pr CH3), 64.99 (CH2), 87.26 (alkyne), 88.29 
(alkyne), 93.35 (C=Gh), 127.39 (aryl), 128.72 (aryl), 132.14 (aryl), 153.63 (C=CH2), 
165.39 (ester), 197.95 (metal carbonyls), quaternary aryl missing. 
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Triisopropylsiloxy-cyclohexene (461).123 
y 0-°-81-< A 
To a flask containing dry DCM (60 mL) at 0 QC was added triethylamine (IO mL, 
136 mmol) and cyclohexanone (1.6 mL, 17.2 mmol). After stirring for 5 minutes TIPSOTf 
(4.72 mL, 17.6 mmol) was added. The reaction was stirred at 0 QC for 2 hours and at room 
temperature for another hour. The DCM was removed by vacuum, giving a biphasic 
mixture. This was purified on flash silica gel that had been deactivated by triethylamine 
and used light petroleum ether/ethyl acetate/triethylamine 95:5: 1 as the eluant. This gave 
the silyl enol ether (461) (3.76 g, 86%) as a colourless liquid. The spectra of which 
corresponds to the literature values.123 Vrnax (fiIm)/cmo [ 2941, 2866, 1669, 1463, 1366, 
1266,1196,885; BH(250 MHz; CDCh), 1.08 (18H, m, 'Pr CH3), 1.07 (3H, m, 'Pr CH), 1.51 
(2H, m, CH2), 1.66 (2H, m, CH2), 2.02 (4H, m, 2 x allyl CH2), 4.88 (lH, tt, J 3.7, J 1.4, 
CH); Bc(lOO MHz; CDCh), 13.01 (,Pr CH), 18.38 (,Pr CH3), 22.74 (CH2), 23.63 (CH2), 
24.24 (CH2), 30.30 (allyl CH2), 44.57 (allyl CH2), 104.02 (CH), 151.00 (quaternary). 
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(2R*, 6R*, 15S*, llS*)-6-{[I,I,I-tri(l-
methylethyl)silyl] oxy} pentacyclo 
[14.2.1.02,15.03,13 .06,1l]nonadeca-3(13),17 -diene-4,14-dione. (462) 
To a flask containing [5-Benzoyloxy-2-(triisopropylsiloxy)-I-penten-3-
yne]dicobalt hexacarbonyl (460) (1.2 g, 2.4 mmol) in dry DCM (25 mL) was added 
Triisopropylsiloxy-cyc1ohexene (461) (0.6 g, 2.0 mmol). After cooling to 0 °C, EtAICh (3 
mL, 4.4 mmol) was added and the mixture was stirred for 15 minutes. A saturated sodium 
potassium tartrate solution (20 mL) was added and the solution was stirred at 0 °C for 30 
minutes. The mixture was separated and the aqueous layer was extracted with DCM. The 
combined organic layers were dried over magnesium sulfate and filtered. The DCM was 
removed by vacuum and replaced with toluene (25 mL), to this was added bicyc10[2.2.1]-
hepta-2,5-diene (4.4 mL, 40.6 mmol). The reaction was then heated at 65°C for 14 hours. 
The mixture was then filtered through silica gel and celite. The solvent was removed by 
vacuum, and the mixture was subjected to column chromatography twice. The first column 
used flash silica gel and light petroleum ether/ethyl acetate 20: I, and the second used light 
petroleum ether/ethyl acetate 9: 1 as the eluant. This gave the cyc10adduct (462) (0.23 g, 
25%) as a white solid. Mpt. 103°C (Hexane); vmax(CDCb)/cm-1 2941,2866,1706,1681, 
1461, 1107, 1045, 883, 734, 676; oH(400 MHz; CDCb), 1.02 (lH, m, H 19), 1.05-1.07 
(21H, m, iPr), 1.13 (lH, m, cyc1ohexyl), 1.31 (lH, m, H 11), 1.33 (lH, m, H 19), 1.37 (lH, 
m, H 10), 1.39 (lH, m, cyc1ohexyl), 1.42 (lH, m, cyc1ohexyl), 1.58 (lH, m, cyc1ohexyl), 
1.64 (lH, m, cyc1ohexyl), 1.67 (lH, m, H 10), 1.79 (lH, m, cyc1ohexyl), 2.28 (lH, d, J 
18.5, a. H on C11), 2.35 (lH, dt, J 1.4, J 5.2, H 15),2.50 (lH, ddd, J 18.5, J 10, J 3.4, ~ H 
on Cl 1), 2.73 (lH, d, J 12.8, H 4), 2.84 (lH, br t, J 4, H 2), 2.88 (lH, br s, H 16),2.98 (lH, 
br s, HI), 3.03 (lH, d, J 12.8, H 5), 6.11 (lH, dd, J 3.0, J 5.5, H 17), 6.26 (lH, dd, J 3.0, J 
5.5, H 18); oc(100 MHz; CDCb), 12.24 (CH3aICH3), 13.78 (CH3aICH3), 17.67 
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(CH3CHCH3), 18.47 (CH3CHCH3), 21.22 (cyc1ohexyl), 25.56 (cyc1ohexyl), 27.88 (C 12), 
29.55 (C 10),3988 (cyc1ohexyl), 41.45 (C 19), 43.16 (C 1), 44.42 (C 16),47.39 (C 2), 
48.99 (C 11),52.77 (C 15), 60.52 (C 5),75.06 (C 6), 136.69 (C 17), 139.20 (C 18), 154.96 
(C 13), 163.72 (C 3), 199.83 (C 4), 209.77 (C 14); mlz (FAB) 455.2983 (W +H, 
C2814203Si requires 455.2981) 455 (18 %), 411 (100), 345 (19),281 (27),239 (5), 211 
(10),157 (10),136 (12),115 (25). 
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AppendixA. 
The structure of compound (461) was assigned as 
(2R *, 6R *, 15S*, IIS*)-6-{[I,I,I-tri(1-methylethyl)silyl]oxy}pentacyc10 
[14.2.1.02,15.03,13 .06,II]nonadeca-3(13), 17-diene-4, 14-dione. 
(462) 
This was based on spectroscopic evidence; an accurate mass, mass spectrum using 
FAB gave a mass +H of 455.2893, the rest of the assignment was based upon NMR 
spectra. 
The IH NMR spectrum gave distinctive signals at 6.11 and 6.23 ppm as a pair of 
double doublets, these signals are indicative for the alkene protons at C-18 and C-17. The 
double doublet signal is found in all the other Pauson-Khand products where the alkene 
reactant is bicycIo[2.2.1]-hepta-2,5-diene. The other noticeable splitting pattern in the IH 
NMR spectrum is the pair of doublets at 3.09 and 2.94 ppm this signal can be attnbuted to 
the CH2 at C-5. 
From the carbon spectrum, it was found that the number of signals, except for the 
TIPS group were: 7 CH groups, 7 CH2 groups and 5 quaternary carbons. This agrees with 
the proposed structure. 
From the HETCOR the following correlations were made, from spectrum A. 
'Hppm 'Hppm IJCppm 
6.33 139.20 
6.17 136.69 
3.09 2.79 60.52 
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3.04 43.16 
2.94 44.42 
2.91 47.39 
2.42 52.77 
2.58 2.35 27.88 
1.85 1.45 39.88 
1.72 1.41 29.55 
1.68 1.09 25.56 
1.64 1.49 21.22 
1.42 1.11 4145 
1.39 48.97 
From the HETCOR, it can be seen that the C-5 carbon is the signal at 60.52 ppm 
and that the alkene carbons are at 138.20 and 135.69 ppm 
From these assignments the C-5 hydrogen at Ii 3.09 ppm correlates with the carbons 
at: 39.88, 48.99, 75.06, 163.72 and 199.83 ppm in the HMBC spectrum, as can be seen in 
spectrum B. 
19983 
16372 
4899 
The following assignment based on the data is proposed. 
From the HMBC the signal at 1i 48.99 ppm couples to the following IH NMR 
signals: 2.35 ppm a doublet, 3.09 and 2.79 ppm, a pair of doublets and a quartet of doublets 
at 2.58 ppm as seen in spectrum C and D. 
Also from the HMBC spectra the signal for the carbon at 75.06 ppm couples to the 
following signals: 3.09 ppm a doublet: 2.79 ppm a doublet; 2.58 ppm a quartet of doublets; 
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2.35 ppm a doublet, as seen in spectrum D. From the following correlations the assignment 
can be proposed. 
309 
279 
~ TIPS 
OH HI 
9 
309 
279 
~ TIPS 
OH HI 7506 Q 
235 
258 
From the HMBC spectrum the signal at 2.35 ppm couples to the signals at: 29.55, 
48.99, 75.06, 153.96, 162.72 and 208.77 ppm, as seen in spectrum A, from these 
correlations the following assignment can be proposed. 
16376 0 
15496 4899 
From the HMBC spectra the signal at 2.42 ppm couples to the signals at: 41.45, 
44.42, 136.69 and 209.77 ppm, as is seen in spectrum A. From the above assignment the 
signal at 209.77 ppm is the cyclopentenone carbonyl and as seen earlier in the HETCOR 
spectra, the signal at 136.69 ppm is a CH alkene carbon. From these signals, and by 
comparing with a simpler ring system (388) the following assignment can be made. 
4145 
l 0 
13669 
'I 
20977 
218 
~H 0 10 3 I ,y !J o 5 8 
(388) 
In compound (379) the C-6 hydrogen resonates at 2.41 ppm and the C-1 hydrogen at 2.98 
ppm. This would correlate with the assignment; also the bridgehead hydrogen signals are 
broad in (379), the signals that have been assigned as bridgehead hydrogens in (448) are 
also broad. 
To determine the other signals nOe was used, when the signal at 6.33 ppm was 
irradiated the signals at 6.18, 3.04 and 2.91 ppm were enhanced When the signal at 6.18 
ppm was irradiated the signals at 6 33, 2.91 and 2.41 ppm were enhanced. This gives two 
pairs of linked couplings, and if, as above, the hydrogen connected to C-15 is assigned as 
the signal at 2.42 ppm, the following assignment can be made. 
304 
6.33 -H "'H 
618-H J R 
294 to 
242 
The COSY spectrum shows coupling between the signals at: 2.42 and 2.91 ppm; 
and between 6.33 and 6.18 ppm; 6.33 and 3.04 ppm; and 6.18 and 2.94 ppm Also from the 
COSY spectra the C-15 hydrogens give different couplings; the signal at 2.35 ppm couples 
only to the signal at 2.85 ppm. However the signal at 2.58 ppm couples to a signal at 1.39 
and 1.42 ppm, as well as the signal at 2.35 ppm. From the HETCOR the signal at 1.39 ppm 
can be assigned to the proton at C-l1, and the signal at 1.41 ppm could be assigned to a 
proton on C-10. The lack of coupling in the 2.35 ppm signal can be ascribed to it being the 
Cl proton; simple ball and stick models show that this proton can develop an angle of 90 0 
with respect to the proton on C-11, this will therefore give no coupling. 
From the spectra, the assignments can be shown to be consistent with the proposed 
structure. The proposed structure is also consistent with the discovery by Krafft that 
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Pauson-Khand reactions with electron withdrawing complexes, in that the electron 
withdrawing group assumes a position 13 to the cyclopentenone ketone. The proposed 
structure is also consistent with compound (451), which was isolated by Miyashita. A 
Pauson-Khand reaction between (451) and bicyclo[2.2.l] hepta-2,5-diene, should 
according to precedent should give the proposed structure (461). 
TIPSO 0 ~- Co(COh  H Co 
(COh o 
(451) (461) 
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